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Abstract 
Previous work with moving loads showed a significant decrease in structural capacity of 
samples subjected to moving loads that caused plastic damages, however did not investigate 
loads which incited fracture. The state of the art in material science for ductile metals 
indicates that fracture can be predicted by a locus of triaxiality, Lode Angle Parameter and 
effective plastic strain. However, in the case of stationary loads, effective fracture strain 
has been used to accurately predict fracture. 
Collision analysis for loads which incite fracture is more frequently being completed using 
non-linear finite element analysis, commonly using the effective plastic strain to fracture 
method. However, real collisions are often oblique, and as such, it can be assumed that 
some horizontal translation is realistic and should be modelled as a moving load.  
This thesis explores the effects of moving loads which incite fracture in plate samples 
using experiments and corresponding numerical models. The results of this thesis found a 
significant loss in ability to resist fracture during the horizontal translation of a load along 
a plate sample as well as a clear inability to accurately characterize a moving load 
numerically using the effective plastic strain to fracture method. In particular, this thesis 
presents: the results of laboratory experiments using the Moving Load Apparatus 
involving two distinct indenters (cutting and rolling wheel) designed to induce different 
stress states; a discussion of calibrated numerical models as well as triaxiality and Lode 
Angle Parameter for the point of fracture of these models. 
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Chapter 1 Introduction 
In accidental collision or grounding scenarios, vessels or offshore structures can experience 
loads which induce fracture or tearing of the plating and structural members. Often, these 
fractures occur longitudinally along the hull as the load translates along the vessel and are 
a type of moving load. Quinton (2015) used numerical and physical experimentation to 
show that moving loads which induced plastic damage had a clear influence on the sample’s 
response to load, significantly decreasing the capacity of a hull plate and frames structures 
when compared to identical stationary loading. Due to the path dependent nature of both 
plastic damage and fracture, there is reason to suspect that the fracture capacity of steel hull 
plating is also dependent on load movement. 
The moving load scenario is important for both analysis of collisions after they occurred 
and for the further understanding of ships and offshore structures which operate in ice 
infested waters. Using the Coupled Model Intercomparison Project Phase 5 global climate 
model, analysis by Melia, Haines and Hawkins (2016) predicted that on average usage of 
Arctic trade routes would decrease shipping times by 4 and 13 days by late 21st century for 
Asian bound vessels from North American and European ports respectively. Further, the 
analysis predicted that moderately ice strengthened vessels (Polar Class 6 and above) would 
likely be able to transit the Arctic for 10-12 months annually in the same time period. 
Additionally, the work predicts trans-Arctic shipping (accessible for open water vessels) 
for a season ranges of 2-4 months and 4-8 months for low and high emission assumptions 
respectively. As such, Arctic shipping is clearly desirable for both ice classified and non-
2 
 
classified vessels and with the prospective increase in ability to do so, it is necessary that 
the limits of these vessels in accidental scenarios is properly characterized. 
It has also been shown that ductile fracture for various types of ductile metals, classic J2 
theory is insufficient to describe the phenomena and is in fact dependent on triaxiality and 
Lode Angle Parameter. These two parameters were originally used to predict fracture in 
rock and soil samples (Bardet 1990) with advancements including three invariants for the 
Sandia GeoModel (Fossum and Brannon 2006). Thus, the development of geomaterial 
science has far outstripped that of ductile metal plasticity and fracture. Bao & Wierzbicki 
(2004) showed that for varying ductile metals, in particular 2024-T351 Aluminum Alloy, 
triaxiality defined a ductile fracture curve with fracture strain, and give a fracture criterion 
as well as conditions which determine the nature of fracture. These fracture criterion were 
determined through standard upsetting tests and were centered about a cut-off value of -1/3 
under which fracture could not occur, and a transition value of 0.4 where the fracture 
changed from shear fracture to void formation. Xue (2007) proceeded to show that the 
fracture criterion for ductile metals could be further refined into a fracture surface, known 
as a 3D locus with the inclusion of Lode Angle for certain types of metals. The fracture 
criterion are normalized values of -1, 1, which when combined with triaxiality, describe 
many specific load conditions. The three major states of stress, axial symmetric 
compression, plastic plane strain and axially symmetric tension correspond to θ = -1, 0, 1 
respectively with plane stress occurring in intermediate values. It should be noted that the 
theory was extended by Bai & Wierzbicki (2008) for A710 steel and later by Bai, Teng and 
Wierzbicki (2009) for 1045 and DH36 steel. 
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This thesis tests the hypothesis that the movement of the load affects the values for 
triaxiality and Lode angle, allowing for fracture at significantly lower capacities in 
comparison to hull samples subject to similar stationary loading. This is explored using 
physical experimentation in conjunction with corresponding, calibrated numerical models. 
1.1 Background 
Ship collisions have been analyzed extensively, through empirical or analytical methods 
with great effort put forth to determine a solution space which properly characterizes 
generalized situations for full scale ship hulls (Minorsky 1959). This has mainly been 
completed through the development of various energy methods and collapse mechanisms 
to characterize the absorbed energy during collision. The scope of the research is wide, 
however most neglect the movement post indentation. 
Very little information of the movement post indentation exists for loads on ship hulls. 
Experimentally, Rodd & Sikora (1995) completed quarter scale tests with an inclined 
indenter to observe the damage patterns, and gather some quantifiable results based on 
impact energy and maximum deformation for two distinct frame sections. The work 
provided significant insight towards the nature of fracture mechanisms of the inner shell 
rupture of a double bottomed vessel and distinctly showed the need for further investigation 
to refine the nature of the response.  
Following this Alsos (2008) divided the concept of a moving load into two problems; 
grounding and fracture onset. This study investigated two material instability criterion, 
which were implemented into numerical models and compared to experimental results for 
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stationary loading. The work identifies the necessity for a simplified method to accurately 
predict fracture for grounding ship loads, as well as the difficulty involved with meshing 
and implementing fracture. In addition to this work, Hong, Amdahl (2012) prepared a 
numerical model to a typical double bottom section in response to very light sliding loads 
during grounding (i.e. over a large surface area) termed as sliding loads. From this, a 
simplified, semi-empirical methodology for assessing the resistance of the sliding motion 
was presented based on separate analysis of the primary failure modes of the three major 
structural components. 
The concept of a moving load was then analyzed in depth by Quinton (2015). It was shown 
that moving loads caused reduced structural capacity for loads resulting in plastic damages. 
A series of hull plate and frame experiments were completed which showed a reduced 
vertical force (or capacity) for moving loads in comparison to identical stationary tests and 
the nature of the moving load effect was further investigated through a set of calibrated 
numerical models.  
Ship collisions causing tearing damages have been examined in great detail, with 
significant efforts placed in developing analytical solutions describing the observed 
responses, particularly for plate samples. Various authors have approached the subject, both 
empirically and analytically. Vaughan (1980) , Lu & Calladine (1990), Paik (1994) and 
others used experimental testing to develop formulae or methodology to describe the 
phenomena, while Zheng (1994) and Wierzbicki (1995) described the collision event 
theoretically, with the later developing a closed form solution describing the various 
mechanisms contributing to the cutting force. The ideas were further developed by 
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Simonsen & Wierzbicki (1998) who refined and simplified the solution, as well as 
Simonsen (1998) who developed for a cone shaped indenter. In each case, the load 
movement was not compared to a similar stationary load with respect to capacity, but 
instead focused on developing analytical expressions to describe the cutting forces, 
particularly from the deformation pattern of the collision. Additionally, much work was 
completed to integrate these analytical expressions into known energy collision methods as 
previously outlined, where internal work (structure response) is equated to external energy 
(colliding object).  
1.2 Methodology 
To investigate the possible moving load effect on fracture and the theorized connection to 
the fracture parameters, Lode angle and triaxiality, laboratory experimentation were 
conducted. These tests were designed to confirm the applicability of moving load effects 
to fracture, to clarify the factors which influenced the moving load effect, and to provide a 
base comparison for the corresponding numerical experiments presented in Chapter 5. 
1.3 Thesis Organization 
This thesis is divided into the following sections: 
1. Introduction – Briefly introduces the concept of moving loads and fracture, 
including previous work and current knowledge. Displays the need to further 
investigate the effects of moving loads on fracture capacity, particularly due to 
accidental loads. 
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2. Literature Review – Identifies and explains the relevant literature to collision 
assessment, moving loads and fracture mechanics including the gaps which the 
thesis addresses in the current understanding of the topics. 
3. Experimental Setup – Discusses and displays the Moving Load Apparatus setup and 
corresponding test procedures. 
4. Experimental Results – Details the results found from the performed moving load 
experiments. 
5. Numerical Analysis – Presents the corresponding numerical models for various 
experimental cases. Describes the calibration of the models and comparison to the 
respective experimental case. 
6. Conclusions and Recommendations for Future Work – Reviews the research, 
presents the conclusions and recommendations for future work in moving loads 
which result in fracture. 
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Chapter 2 Literature Review 
There is increasing financial motive to travel into Arctic waters for both ice strengthened 
and open water vessels, and as these transits become commonplace, the probability of 
scenarios which result in accidental damages causing plastic damages will increase. This 
thesis posits a decrease in fracture capacity in flat plates due to the moving load effect.  In 
such situations, where loads translate along the hull, there is a clear potential for fracture to 
occur.  Therefore, it is necessary to examine the phenomena as to properly understand its 
impact and apply the knowledge gained to further understand the risks involved with Arctic 
transit. 
There is very limited work exploring moving load effect, most completed by Quinton 
(2015). His work focused on displaying its impact on plastic load cases as well as verifying 
elastic load inciting an elastic response can be treated as stationary loads. Outside of this 
work, Hong and Amdahl (2012) and Hong (2009) investigate the specific scenario of 
sliding loads causing plastic damage are the only other works which directly investigate 
moving loads. Of these studies, none explored the effect of horizontal load translation on 
fracture initiation. The work by Alsos (2008) explores moving loads to induce fracture, 
however fail to quantify the losses experienced due to horizontal translation. 
In addition to the newly described moving load phenomena, there has been much recent 
advancement in the material science of fracture, specifically the work considered by Bao 
and Wierzbicki (2004), Bai and Wierzbicki (2008) and others on triaxiality and Lode angle 
dependence. This work has largely focused on the generation of three dimensional fracture 
locus’ to predict fracture of T351-2024 aluminum alloy & 1045, A710 and DH36 steel. The 
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work has shown that fracture of ductile metals has a clear dependence on one or both of the 
parameters and therefore should be considered in analysis. 
In addition very little application to the numeric modelling of fracture exists. Currently, no 
work considers both the application of the fracture terms (stress triaxiality and Lode Angle 
Parameter) and moving loads. The sole work in this field is the consideration of stress 
triaxiality (or biaxiality for shell elements, where through thickness is neglected) in the 
modelling of ship hull fracture was completed by Alsos (2008) but neglects Lode Angle 
Parameter and moving loads. 
The literature review was developed to discuss the existing research completed in areas 
which can be applied to moving loads causing ship hull rupture or can be used to benchmark 
and compare the results of the numerical portion of this experiment. This includes relevant 
research on current collision analysis, moving loads, tearing and fracture, specifically 
triaxiality & Lode angle dependence. 
2.1 Collision Analysis 
This section of the literature review was developed to outline the current state of collision 
analysis, including the basic understanding behind the numerical and analytical modelling. 
The literature was fundamental in the development of a firm understanding of the current 
technologies and techniques used in similar analyses which in turn assisted in the 
development of the results of this work.  
9 
 
2.1.1 Ship Impacts 
Ship impacts resulting in serious plastic damage can typically be broken into three different 
categories. The first is ship to ship allisions or collisions, where the movement of one or 
both vessels results in an impact, respectively. The second is known as grounding or 
shoaling, which occur when a ship makes contact with the seabed or submerged objects, 
commonly due to sudden changes in the topography of the ocean floor. The third is 
ice/iceberg to ship impacts, which do not commonly result in severe deformation. Due to 
the similarity of all three, there is an extensive amount of available literature for all types 
of impacts with focuses on collisions by Minorsky (1959), and Rosenblatt (1975) and while 
Hong (2009), Alsos (2008) and Hong & Amdahl (2012) have pioneered work on grounding 
impacts. The findings of this report are applicable to all impacts which potentially result in 
hull rupture (including any which are outside the three categories listed above).  
2.1.2 Non-Rupture and Rupture Impacts 
When considering any type of impact, the amount and type of resulting damage is often the 
goal of analysis. As such, impacts can again be sub-divided to impacts that result in some 
level of plastic deformation but do not experience rupture, and those that do rupture. It 
should be noted that several types of impacts, particularly ice-ship may result in deflection 
in the elastic region, which will reverse with unloading and result in no permanent 
deformation. These impacts causing elastic response carry no significance regarding the 
subject of this research, and as such will not be discussed further. 
Innovations into the characterization of rupture impacts was completed in the past century, 
with the development of Minorsky’s Method (1959). The methodology was created to 
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empirically describe a collision or grounding through the use of the conservation of energy. 
This was done simply relating the impact energy of one or more vessels to the volume of 
displaced steel observed in the crash.  
The major shortcoming of this method is the inherent assumption that membrane stress in 
the hull plating prior to rupture is negligible (MSL 2000) and as such, the methodology is 
unsuitable for low speed collisions. The method has been expanded significantly as a result 
of further analysis of exclusions found when applying the original to broader empirical data 
sets. In particular, Rosenblatt (1975) expanded the work for low energy impacts not 
resulting in rupture by rectifying the shortcoming addressed above through the introduction 
of progressive plastic damage, which is simply the concept of the hull section possessing a 
reserve of plastic “strength” which is exhausted before rupture occurs. 
2.1.3 Collision Mechanics 
The mechanics of ship collision or grounding is mainly developed from typical particle 
collision physics, expanded for the structures and hydrodynamic components involved in a 
ship collision. As such, collision analysis is typically divided into external and internal 
components, which can be either decoupled or coupled, depending on the type of analysis. 
The external mechanics is the determination of the global rigid body motion and hull girder 
loads, and the resulting total energy that the deformation and friction will be required to 
absorb (Hong 2009). External dynamics have been studied in detail by various authors, 
including Pedersen and Zhang (1998) for collision purposes and Simenson and Wierzbicki 
(1998) for grounding situations. External dynamics are not the focus of this work and are 
therefore omitted from detailed discussion. Internal mechanics attempt to determine the 
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structural response given the required dissipation of energy dictated from the external 
dynamics. The following section covers the various research and methods currently used 
to analyze the internal mechanics of a collision or grounding. 
2.1.4 Methodology 
The advancement of collision analysis has been driven by industry trends since the late 
1950’s, with the aim of producing protected nuclear reactor cores for merchant ships, which 
would remain intact in the event of collision with another vessel. After the concept of 
nuclear merchant vessels was deemed unviable, the motivation for collision analysis shifted 
to focus on the protection of oil carriers to minimize pollution in the 1970’s. Today, the 
focus remains focused on pollution, in conjunction with damage stability, and ultimate 
strength of damaged ships (Samuelides 2015).  
The analytical and empirical models have been developed since the commencement of 
collision analysis with the analysis of the nuclear powered vessel Savannah, where the 
structure was designed to withstand an impact at 15 knots (670 MJ) without causing 
damage.  The method used to develop the protective structure is known as the Minorsky 
Method, which relates the volume of damaged material elements that are in line with the 
impactor or indenter, through the use consideration of 26 collision incidents, giving the 
following expression: 
𝐸𝐷 = 32 + 47 ∗ 𝑅𝑇 
Where 𝐸𝐷 is the energy absorbed by damaged elements (in MJ), while 𝑅𝑇 is the combined 
volume of damaged elements of both vessels (in m3). The method is as result of actual 
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collision data, and is notably only applicable for high energy impacts, or those which cause 
rupture or fracture on the outer shell (Minorsky 1959). 
Currently there are several viable methods to analyze ship collision, which include finite 
element analysis, simple formulae, analytical and empirical models, and experimental 
work. The utilization of simplified formulae result in a high level estimate of energy 
absorption by the damaged structure(s) and has been vetted through many iterations of 
experimental testing or real world data. These formulae offer basic result results for 
minimal effort and can easily be applied in general practice. 
Experimentally, much scale work has been completed which investigates the collision 
process and reaction of the damaged structure. This includes large scale work completed 
by Woisin (1979) extending the Minorsky Method. Additionally, model scale tests have 
been completed by Paik & Pedersen (1996) on double hull penetration and Rodd & Sikora 
(1995) which is discussed in Chapter 2.2. Additionally, more experimental scale tests have 
been completed specifically to observe and describe the mechanics, such as (Wierzbicki 
1995) which directly addresses tearing. 
Tests were also completed by (Wang, Ohtsubo, and Liu 1997) to observe the behaviour of 
a double bottom during a grounding event. Here scale models were collided with five 
different conic indenters with varying radii to model scenarios from grounding on sharp 
rocks to shoaling or contact with flat seabed. An additional test scenario of contact with a 
vessel of a small bow angle colliding with the large bow of a generic VLCC was also 
explored. The results were characterized in simple theoretical models and from this, 
formulae were derived. The primary failure modes included membrane stretching of the 
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shell panel, onset rupture, crack propagation, folding of main supporting members and 
crushing of intersection of main supporting members. The main purpose of this work was 
to develop a simple analytical based method to describe the nature of the damage and then 
match with existing data. 
Following the experimental work, there are a number of applicable works which use simple 
analytical formulae in attempts to characterize ship collisions. Examples of this include 
(Wang, Ohtsubo, and Liu 1997) which deals with raking damages, (Pedersen and Zhang 
1998), which attempted to address the inherent issue with empirical derivation; the 
variability of the collision scenario, in particular the structural arrangement of the vessel 
and the low energy extensions of the Minorsky Method, by Rosenblatt. 
One low energy extension of the Minorsky Method by Rosenblatt is known as the Tanker 
Structural Analysis for Minor Collisions method (or TSAMC) (Rosenblatt 1975). 
According to the author, 70-90% of the energy absorbed by a ship’s structure results from 
plastic deformation of the side shell, and that as the shell begins to deform, significant 
membrane stresses occur. The TSAMC analyzes the energy required for tearing to occur, 
and to which depth the indenter will penetrate the hull from this energy requirement. The 
energy absorbed by the structure is divided into elastic and plastic portions, with the elastic 
including the hull girder vibrational response, classic bending of hull girder and local elastic 
deformation; while the plastic includes the deformation due to membrane tension in shell 
and deck, web frame shearing and plastic bending of sideshell plating (Rosenblatt 1975). 
In comparison, it was determined that the elastic portion was far smaller than the plastic 
energy absorbed, and the predominant contributor was the membrane stress in the sideshell. 
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The method is severely limited due to several assumptions and simplifications, which 
include a static collision, rigid bow, damage is limited to one area and the omission of 
tearing/rupturing. Due to these assumptions, the method poorly analyzes real collisions, as 
it fails to consider absorbed energy after penetration occurs (Calle and Alves 2011). It 
should be noted that Rosenblatt recognized the need to further investigate “cutting or 
puncture”, specifically the forces and energy associated with the failure mode. 
Finally, finite element methods have become widely accepted as one of the most powerful 
tools moving forward when considering ship structural analysis (Hong 2009) with 
considerable efforts put into development of ship collision models and fracture propagation 
during collision. Early attempts at collision modelling were attempted including (Porter 
and Ammerman 1996), (Ammerman and Daidola 1996), with limited success. The early 
models all suffered from two major problems; the underestimation of the hydrodynamic 
contributions to the collision and the lack of a failure model, something still under 
investigation today. The hydrodynamic contributions have been corrected through proper 
vetting and comparison of the results, such as the work completed by Servis & Sameulides 
(2002) who simulated the lateral collision of a Ro-Ro vessel with a bulbous bow and 
compared with large scale experimental tests. Recent work has been completed by Alsos 
(2008) fracture of the material with validation to an experimental reference. 
2.2 Moving Loads 
Moving loads are simply loads which impact an object, then continue to slide along the 
impacted object, while remaining in contact. This phenomena is particularly applicable to 
ship hulls, where a majority of the collisions are oblique, or begin contact by moving 
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roughly normally to each other. A moving load is a distinct type of dynamic, transient load. 
With regards to this project, laterally moving loads causing rupture between frames (i.e. 
only hull plating is affected) are of interest. This includes both tearing and rupture due to 
material failure, both of which are commonly observed in collision and grounding. Other 
types of moving loads include non-rupture loads, which can be categorized as elastic or 
inelastic (Quinton 2015). As the focus is on rupture type loads, it can be assumed that any 
further discussion of moving loads refers to this type. It should be noted however, that a 
majority of the literature pertains to moving loads which do not result in rupture and 
provides both a clear justification along with significant background information to help 
facilitate this work. 
The analysis of moving loads first began with the introduction of iron railway bridges in 
the mid-19th century by Willis, James and Galton (Timoshenko 1983). At the time, there 
was no consensus in the industry as to the impact of a moving load or force along a beam. 
There was considerable support for two sides, one supporting the idea that time was 
necessary to reach deflections seen in a static load, while others believed that the sudden 
loading would result in large deflections. Willis et al carried out realistic tests to investigate 
the nature of ultimate strength and moving loads, and discovered that the capacity was 
significantly reduced in comparison to static loading. The loading apparatus was essentially 
a pin-pin beam with a load moving laterally along the length. It was further discovered that 
these affects increased with an increase in speed. 
 Contrary to the ground breaking experiment, results from actual bridges showed a 
significantly lower increase in deflection due to a moving load. Willis repeated the 
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experiments again, simplifying the experimental setup and described the larger decrease in 
structural capacity as a result of the flexibility of the bars used in the original test. Further 
he developed an analytical solution describing the observations of both experiments, which 
is as follows: 
𝑊 −
𝑊
𝑔
𝑣2 (
𝑑2𝑦
𝑑𝑥2
)
𝑥=
𝑙
2
= 𝑊 (1 +
16𝛿𝑠𝑡𝑣
2
𝑔𝑙2
) 
It was also determined that the path of the load was not symmetric about the center of the 
beam, and that it followed the following solution: 
1
𝛽
= (
16𝛿𝑠𝑡𝑣
2
𝑔𝑙2
) 
An approximation of the solution was developed by Willis, but found to be inadequate for 
large 𝛽 and was eventually solved by Stokes with good agreement to the experimental data. 
The two continued to advance the field eventually incorporating vibrational affects and 
considered several extreme cases. Various other authors further developed and explored 
moving loads for many load and structure types, many of which are explained in (Frýba 
1972). 
The application of moving loads to simulate grounding and other type damages on a ship 
hull, specifically plates has largely been pioneered by Rodd and Sikora (1995), Wang, 
Ohtsubo and Liu (1997), Alsos (2008), Hong (2009), Hong and Amdahl (2012) and 
Quinton (2008) and (2015).  
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Rodd and Sikora (1995) assessed the evaluation of the structural integrity of double hull 
tankers via experimental testing to simulate grounding and stranding, in an attempt to 
further the prediction of damage during these scenarios. Through the completion of several 
scale tests which involved a static indentation and moving collision with a “rock” indenter, 
two types of double hulls were assessed with the failure mechanisms analyzed. Regarding 
the moving load, one grounding case was addressed where a non-zero angle of attack was 
utilized. Here the leading edge of the “rock” indenter entered just below the inner shell of 
the double bottom, while exiting just above the inside inner shell. This was done to ensure 
that an optimum amount of data was collected, i.e. that the inner hull ruptured during the 
movement of the load, instead of the alternative where it either ruptured through the initial 
penetration (i.e. simulates a static load) or does not rupture at all. As such an angle of attack 
of 7.4 degrees was selected, which was further justified through a rough calculation which 
showed that this correlated to a collision at 2 to 3 degrees for 40 000 tons at full scale.  
From the authors, it should be noted that the vertical damage was designed to occur in a 
shorter relative horizontal length than expected in a full-scale counterpart. Therefore, due 
to this geometric scale difference, the vertical measured forces were deemed artificially 
large. In terms of scalable results, Rodd and Sikora (1995) analyzed the parameters vertical 
distance before intrusion of the inner bulkhead and the amount of energy dissipated if an 
inner hull rupture occurred. It was found that due to significant plastic deformations, this 
distance increased drastically during collision.  
For the conventional double hull design, it was found that the energy dissipated was 400 
MNm. Further, their results presented some useful information on crack initiation. The 
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primary rupture of the inner hull initiated in the third transverse frame while the indenter 
was between the first and second frame, and that this crack propagates in the backwards, 
longitudinal direction, towards the indenter. When the indenter reaches the crack, extreme 
stress concentrations occurred resulting in immediate rupture of the inner shell. It was also 
noted as the indenter translated in the longitudinal direction, the distortion and subsequent 
tearing of the transverse frames caused a crack in the inner hull plating at the weld 
connection. These points are worthy of further investigation, as they may indicate and be 
influenced (or influence) Lode angle and triaxiality. 
The raking damage tests by Wang, Ohtsubo, and Liu (1997) addresses global strength in 
the longitudinal direction for the bottom structure of vessels for horizontal penetration. Four 
failure modes were considered; deformation of the transverse structure, deformation of 
bottom plating immediately behind the transverse structure, tearing of the bottom plating, 
and tearing of the inner bottom plating. From these four modes, a methodology was 
described and checked against ASIS grounding experimental data and an actual grounding 
of a VLCC and found the method adequately predicted the results of the tests. This work 
had a similar purpose as this thesis; to access and potentially predict the capacity of bottom 
structures under horizontal loading, however focuses entirely on the determining the 
horizontal resistance force from penetration and completely omit the vertical loading on 
the bottom structure. 
Alsos (2008) explored both fracture for grounding events. For fracture, the implementation 
of the BWH and RCTL failure criteria in numerical simulations was compared to a set of 
experimental results. This was completed to show the validity and necessity of additional 
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fracture criteria past simplified plastic strain to model grounding events. In addition, the 
resistance of indentation is explored as related to the size and shape of the seafloor, resulting 
in a series of characteristic scenarios. The resistance and resulting deformation during 
grounding during these scenarios was also explored. 
Hong (2009) discussed a deformation mode for sliding loads when grounding, as well as 
identifying the large difference in deformation pattern between flat and sharp seabed 
obstructions. Additionally, a wavy pattern plastic mechanism for longitudinal bottom 
girders was proposed, and although the closed form solution was not determined, the 
problem was solved semi-analytically. Finally, an assessment tool for ship bottom 
structures during a grounding event was developed based on the plastic mechanisms 
presented and considered what was determined as the three major structural components; 
longitudinal girders, bottom plating and transverse floors. 
Moving loads were separately addressed by Quinton (2008) addressed the lack of 
consideration in design codes for icebreaking and ice strengthened ships or installations. 
The work was focused on sliding damage due to ice-ship interaction, where it was predicted 
numerically that a significant decrease in plastic structural capacity would occur in both the 
shell plating and the frames of a vessel, when a progressive ice load that incited plastic 
damage was applied in comparison to a similar static ice load. However, it was also 
predicted that there would be no significant effect on elastic capacity. It was noted that a 
static load resulted in a symmetrical response throughout the structure, which promptly 
vanished as the load began moving.  
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The numerical experiments of moving loads involved a laterally translating indenter along 
a test hull to simulate sliding damage due to ice interaction. The loading of the test specimen 
was divided into three distinct stages; a vertical (out of plane) indentation, a lateral 
translation along the hull and a vertical unloading. Three categories of numerical tests were 
selected based on the travel direction and longitudinal start location of the indenter. These 
were longitudinally across multiple transverse web stiffeners, longitudinally between 
transverse stiffeners and transversely parallel to transverse web stiffeners. These categories 
were further expanded to include for a total of eight distinct scenarios based on the location 
of the loading in relation to the longitudinal stiffening. For the eight load scenarios, five 
levels of vertical displacement were tested, from 0.1% to 0.5% of the total length. The 
vertical force response found from these tests were then compared to the vertical force 
capacity of a static loading, where a general decrease in capacity was observed. It should 
be noted that the work did not consider element failure (fracture) and thus had infinite 
plastic capacity. Therefore, the higher loading cases are unrealistic and unsuitable to 
quantify structural capacity and can only be used to show the general trend of decreased 
capacity. Further, the wavy pattern mechanism outlined by Hong (2009) was not observed.  
Quinton (2015) then continued to investigate the moving load effect experimentally and 
numerically, exploring several of the load scenarios from the previous work. This included 
the development of a novel Moving Load Apparatus and corresponding numerical models. 
The work quantified the loss of structural capacity during loading that incited plastic 
damage and showed numerically that elastic of pseudo-elastic damages can be modelled 
accurately as stationary loads. The experimental work considered six total factors; sample 
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type, starting location, vertical indentation, horizontal travel, vertical/horizontal speed and 
temperature. In addition, two types of loadings were used, force and displacement control. 
Finally, two indenters were used, a steel rolling wheel and an ice cone. This resulted in a 
total of 26 experimental tests.  
Overall, the results of the displacement controlled testing showed a capacity loss of up to 
40% for ½” plate specimens, 31% for ¼” specimen and 31% for frame specimens when 
compared to corresponding stationary loading. Further, the remaining factors of 
temperature and strain-rate were found to be largely insignificant at the ranges tested, 
regarding the vertical force capacity for moving loads. The frame tests also showed a huge 
increase in the vertical indentation during the force controlled experiments (up to 81% 
compared with similar stationary loads), thus indicating that typical frames poorly resist 
moving loads. The experimental tests also verified the early onset of plastic web buckling 
for moving loads on frames. Finally, the results of the ice cone experiments were unclear 
due to the small number of tests and variability of the ice, which resulted in a 
recommendation for future work. Following this, numerical tests were completed using the 
experimental results to calibrate and validate simulations for each of the sample types (½”, 
¼” and frame). 
A response surface method (RSM) analysis of the various factors was completed, and 
showed that for all specimen types yield strength, boundary compliance and the interaction 
between the two, and boundary condition stiffness were the relevant factors, while the 
tangent modulus were only significant for the ¼” and frame tests. The results of all three 
RSM were found to be extremely sensitive to the boundary condition stiffness. This is 
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easily seen through the implementation of fixed boundary conditions which consistently 
resulted in an over prediction of capacity loss. Two suitable alternatives were found to 
correct this, the first by having the boundary far from the moving load, or to add corrections 
to simulate the imperfect nature of a real world fixed boundary. The first of these solutions 
is expensive computationally while the second was found to be difficult to estimate. 
Overall, the results were found to capture the moving load effect very well for the ½” and 
¼” plate specimen, however the results for the frame samples were not compliant. With the 
frame tests, the post buckling behaviour was poorly predicted. 
It should be noted that both Lode Angle parameter (Bai and Wierzbicki 2008) and stress 
triaxiality (Bao and Wierzbicki 2004) affect the development of plasticity and should be 
addressed in future work and analysis. The furthering development in this area would likely 
be widely applicable, due to the frequency of plastic deformation damages that do not result 
in rupture. For example, damages to ships operating in the ice infested waters of the Baltic 
Sea for the 2002-2003 shipping season were statistically suggested to typically to be 
permanent deformation in the shell plating as suggested by Hänninen and Rytkönen  
(2004). 
Contrary to the work completed by Quinton (2015), this thesis will focus on the 
development of moving loads which result in plate rupture, i.e. fracturing of the shell 
plating, and the application of the Lode Angle and stress triaxiality parameters to explain 
the loss in fracture capacity for moving loads.   
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2.3 Tearing Mechanics 
The goal of this section is to review and discuss the current state of the art of tearing 
mechanics applied to ship hull materials. Specifically of concern is the in-plane tearing of 
thin plates. While research exists which covers thick plates and block elements through the 
exclusion of membrane stress, they are not used in fabrication of ship hulls and as such will 
not be covered further. The current state of the science of tearing is fairly advanced with 
many empirical and analytical models covering analysis of damages. However, to date most 
of the analysis of tearing has been completed as to extend the theory and methodology for 
energy methods such as Rosenblatt (1975) for collision and grounding events. 
Tearing analysis for shipping applications was first approached by Vaughan (1980), who 
first used data gathered by Akita and Kitamura (1972) to show that work done on a side 
shell by a wedge shaped indenter can be decomposed into bending and plate tearing 
components, and later conducted scale drop experiments to determine the quantities of each 
based on a number of factors. From these experiments, empirical relationships were 
generated to characterize both the bending and tearing work components. The work 
predicted that for small penetrations that tearing was dominant and bending a minor 
contributor, while the converse was true for large penetrations. The major limitation of the 
relation was the range of thicknesses tested, and it was eventually determined that the 
relation was only valid for steel less than 1.867 mm thick, and therefore the analysis only 
valid for thin plates. 
Further experimental work to determine empirical relationships has been completed by Lu 
& Calladine (1990), Paik (1994), Simonsen & Wierzbicki (1998), Simonsen (1998) among 
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others, while further semi-analytical work was completed by Zheng (1994). These works 
were later incorporated into the energy expressions for ship collisions as a mode of damage 
by Pedersen & Zhang (1998), Zhang (2002). 
2.4 Fracture Mechanics 
This section of the literature review outlines the recent developments in fracture modelling 
and prediction for ductile metals. The goal of this paper is not to further the current state of 
the art regarding materials science, but to apply these techniques to ship collisions to further 
the state of the art in hull rupture prediction. As such, the literature reviewed was necessary 
to develop an understanding of the physical mechanisms which occur during fracture and 
thus allowed for the advancement of the predictive modelling of ship hull fracture. 
2.4.1 Introduction 
For isotropic materials, any stress state can be defined by the Cauchy Stress Tensor, σij, 
also known as the stress tensor. The stress tensor can be divided into two components; 
hydrostatic and deviatoric, which can be defined as: 
𝜎𝑖𝑗 = 𝑠𝑖𝑗 + 𝑝𝛿𝑖𝑗 
where 𝑠𝑖𝑗 is the deviatoric stress tensor and 𝑝𝛿𝑖𝑗 is the mean hydrostatic stress tensor, 𝑝 =
1
3
𝑡𝑟(𝜎𝑖𝑗) is the hydrostatic stress (Malvern 1969), and 𝛿𝑖𝑗 is the Kronecker delta function. 
The strain tensor, εij can be divided similarly. Deviatoric stresses tend to change the shape 
of the yield surface, while hydrostatic loading results in a change in size. 
The hydrostatic stress has a proven effect on fracture of ductile metals as shown by 
McClintock (1968), Rice & Tracey (1969) both through the study of void growth in various 
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sample types. Further, hydrostatic stress is related to the dimensionless hydrostatic pressure 
parameter, η, known as stress triaxiality, which can be defined as: 
η =
𝑝
𝜎𝑣𝑚
 
where 𝜎𝑣𝑚 is von Mises equivalent stress.   
Three invariants can be found for both the Cauchy Stress tensor, σij and two nontrivial 
invariants for the deviatoric stress tensor, 𝑠𝑖𝑗. For the deviatoric tensor invariants, it has 
been shown by Cazacu, Plunkett, and Barlat (2006), Racherla & Bassani (2007) that the 
second and third deviatoric invariants, have an impact on ductile fracture and plasticity of 
metals, and is usually normalized through the calculation of the Lode Angle, θ.  Similar to 
stress triaxiality, it is frequently convenient to use a normalized parameter, known as the 
Lode Angle Parameter ?̅?: 
θ̅ = cos(3𝜃) =
27
2
det(𝑠𝑖𝑗)
𝜎𝑣𝑚
3 , ?̅? = [−1,1] 
Both works developed models which included the strength difference between load states 
of compression and tension, however, ultimately both were unable to predict plane strain 
yielding.  
2.4.2 Triaxiality 
As stated previously, the fracture of ductile metals is strongly dependent on hydrostatic 
stress, and therefore stress triaxiality.  This was first shown by McClintock (1968) and Rice 
& Tracey (1969) who demonstrated that ductile fracture is prominently dependent on 
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hydrostatic pressure through analysis of void growth in cylindrical and spherical voids 
respectively. This was continued by various authors, including Richmond and Spitzig 
(1984) who pioneered hydrostatic stress influence on aluminum alloys, Atkins (1996) who 
identified that fracture initiation criteria should be dependent on hydrostatic stress and 
Wilson (2002) who confirmed the Richmond & Spitzig’s conclusions. Others, such as 
Norris et al. (1978), and others arrived at the conclusion that hydrostatic stress should be 
considered regarding fracture onset criteria. This was then furthered by Bao and Wierzbicki 
(2004) who highlighted that all current codes simply use equivalent fracture strain as a 
simplified criterion. To rectify this short coming, through fitting of experimental data, they 
found a relation relating stress triaxiality to fracture strain for Al 2024-T351. 
Gurson (1977), Needleman & Tvergaard (1984), identified the concept of a shrinking yield 
surface with hydrostatic pressure. From here, the GTN model was developed, were 
equivalent strain to fracture was made dependent on the first invariant of the stress tensor, 
𝜎𝑖𝑗. This fracture criterion was justified for ductile metals as yield will occur in the plastic 
range, and therefore any difference between strains will be much smaller in magnitude than 
for differences in stresses. Further, the GTN model describes tensile fracture, and therefore 
high stress triaxiality very well, but poorly predicts the shear failure mode seen in low 
triaxialities. Finally, the GTN model assumes that if the hydrostatic pressure is brought 
back to that of the undeformed stress state, the material will obtain its original strength. 
Additionally, Bao and Wierzbicki (2004) observed that how fracture occurs depends on the 
levels of triaxiality experienced by the material and displayed the boundary between the 
fracture and no fracture regions for a wide range of stress triaxiailites through the revision 
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of the fracture criterion. From their experimental work for Al 2024-T351 it was shown that 
η = −
1
3
 (corresponded to uniaxial round bar compression), η = 0 (torsion test) and η =
1
3
 
(uniaxial round bar tension) where η = −
1
3
 was the “cut-off” value below which fracture 
could never occur. It should be noted that triaxiality is not naturally bounded (i.e. can extend 
infinitely in either direction), however, the region of focus is about η = 0, as such, 
henceforth the region above η =
1
3
 are referred to as upper region while below η = −
1
3
 is 
known as the lower region. 
Following this, Bao & Wierzbicki (2004) found that the mechanism for fracture varied from 
shear fracture in the negative triaxiality range to void formation in high triaxiality ranges. 
For the moderate triaxiality range between the two extremes, fracture may develop as a 
combination of the two, however it is currently unclear how the transition occurs. At the 
time, it was thought that a possible slope discontinuity could occur at some transition point 
between the two extremes. From the results, the transition point was approximated to be 
about η =
1
3
. Further, it was shown that the transition from one mode is material dependent 
(i.e. for 2024-T351 Aluminum alloy, η = 0.4 was the clear transition). Various other 
authors and models find a similar transition or cut-off value, however it is unclear at this 
time the nature of the irregularity.  
Bao and Wierzbicki (2004) continued on to develop a two dimensional fracture locus for 
2024 aluminum alloy to display the relation of fracture strain to stress triaxiality, for the 
three distinct regions. For the negative region, a vertical asymptote developed based on the 
experimental results of Kudo and Aio (1967) was used, while a simple parabola was 
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sufficient for the moderate (0-0.4) and high (0.4-0.95) ranges. Additionally, Bai, Teng and 
Wierzbicki (2009) developed a closed-form solution for the stress triaxiality in a flat 
grooved specimen and verified through the use of FE packages and experimental results of 
DH36 and 1045 steel.  
2.4.2.1 Plasticity 
Although not the focus of this work, the dependency of the yield criterion on hydrostatic 
pressure or triaxiality is worth noting and far precedes this work on ductile fracture. The 
concept was first explored by the application of the Coulomb-Mohr criterion by Drucker 
and Prager (1952). The concept was originally developed for analysis of brittle materials 
and is popular due to its accurate prediction in the elastic range as well as small strain 
plasticity. It has shown to be applicable to metal plasticity by Bai and Wierzbicki (2008), 
who demonstrated that it correctly characterizes fracture of ductile metals and extended the 
criterion to a spherical coordinate system. Hancock and Mackenzie (1976) also displayed 
that ductility of metals depended on the triaxiality of the stress state in high triaxiality 
regions through experimental studies.  
The adapted Mohr-Coulumb (MC) criterion as proposed by Bai and Weirzbicki (2008) is 
appealing for the prediction of ductile fracture as it can be justified in the plastic region, 
through the relative resolution of stress and strain and is explicitly dependent on Lode 
Angle Parameter (discussed in the following section). Further, in contrast to the GTN 
model, it accurately predicts shear fracture in low triaxiality regions. Through 
transformation of the MC into a strain based criterion under monotonic loading, the 
criterion can accurately predict ductile failure.  
29 
 
Additionally, Gurson (1977), Needleman and Tvergaard (1984) also posited a model, 
known as the GTN model to describe hydrostatic dependent material softening due to 
various void growth mechanisms. The key difference between the theories is the posited 
mechanism for the softening of the material. The model implemented Bai & Wierzbicki 
(2008) assumes that the softening is due to the growth of material porosity, while the GTN 
(1977; 1984) assumes that the responsible mechanism is dislocation suppression. This 
concept assumes that the dislocation is reversible with changing hydrostatic pressure, or 
that if hydrostatically loaded and unloaded the material will retain its original strength. Bai 
& Wierzbicki (2008) planned and proposed a test to further investigate the two types of 
softening with controlled triaxiality. The proposed example would involve two tests on 
each notched round bar sample, where after some plastic deformation occurred, the sample 
was machined a second time to a larger radius. 
2.4.3 Lode Angle Parameter 
Although stress triaxiality results in greater accuracy in predicting fracture, Lode Angle 
must be incorporated into the yield criterion due to its clear influence on material ductility 
as shown by Bai and Wierzbicki (2008). Mathematically, it can be shown that the Lode 
Angle has a range of 0 ≤  𝜃 ≤
𝜋
3
, and as such the normalized, Lode Angle Parameter, ?̅?, 
has a range of −1 ≤ θ̅ ≤ 1. From the inclusion of the two parameters, it is then possible to 
describe all stress states (or loading conditions). 
The first major investigation into a deviatoric influence on fracture was completed by 
Wierzbicki, Bao and Bai (2005) who generated a new experimental technique to construct 
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a fracture locus and identified dependency on both stress triaxiality and an average 
deviatoric parameter (analogous to Lode Angle) for Al 2024-T351.  
Material yield’s dependence on Lode Angle Parameter was further described by Bai and 
Wierzbicki (2008) through a comparison of von Mises and Tresca yield criterion. The 
authors then continued to introduce Lode parameter into the Coulomb-Mohr yield criteria 
equation. There are four material calibration terms and three parameters which control the 
convexity of the yield surface. It is possible to obtain the two criterion from simplifications 
with the convexity parameters. Along with this, methodology to develop a 3D fracture locus 
in the space of fracture strain, triaxiality and Lode Angle Parameter was presented, and 
displayed through the testing and calibration of Al-2024. Finally, most of metal plasticity 
assumes that yield is symmetric in the deviatoric stress plane (i.e. uniaxial tension and 
compression). Bai and Wierzbicki (2008) removed this limitation upon evidence that yield 
and fracture occurs asymmetrically (i.e. dependent on a Lode angle). 
Both Xue (2007) as well as Bai and Wierzbicki (2008) showed several limiting cases for 
Lode Angle Parameter which can be found via classical material tests. They also showed 
that in the plane stress condition (where 𝜎3 = 0), it is possible to relate triaxiality and Lode 
parameter with the following equation: 
?̅? = 1 −
2
𝜋
cos−1 (−
27
2
𝜂 (𝜂2 −
1
3
)) 
Bai, Teng and Wierzbicki (2009) implemented the use of unique grooved plate specimens 
which varied in Lode Angle Parameter, but remained at a near constant stress triaxiality, to 
show plasticity and fracture dependence on Lode Angle. Further, they displayed that the 
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dependency on Lode was material dependent. In particular, it was shown that the fracture 
of DH36 steel was Lode independent (however, plasticity was dependent on Lode).  
2.4.4 Other Invariants Effects 
As previously stated, Lode angle parameter is simply a non-dimensionalized form Lode 
angle. Lode Angle itself is a function of the of the second and third invariants of the 𝑠𝑖𝑗 
deviatoric stress tensor, described as follows. 
?̅? =
27
2
𝐽3
(√3𝐽2)
3 
Where: 𝐽3 = 𝑑𝑒𝑡(𝑠𝑖𝑗),  𝐽2 =
1
2
𝑠𝑖𝑗𝑠𝑖𝑗 
As the first deviatoric invariant is simply zero, it Lode Angle Parameter indirectly describes 
all deviatoric stress contributions. There is however other work which directly addresses 
the contribution of each invariant, including those of the Cauchy Stress Tensor. Again, the 
pre-existing knowledge was generated by the rock and soil industry, particularly the work 
completed by Bardet (1990) and the Sandia GeoModel by Fossum and Brannon (2006), 
both of which consider triaxiality and all five stress invariants. The work completed by 
Bardet (1990) included consideration of many yield functions and failure surfaces, which 
consider the first and second stress invariants along with Lode angle. The Sandia GeoModel 
in particular is formulated in the space of both nontrivial deviatoric invariants, 𝐽2, 𝐽3  as well 
as the first Cauchy invariant, 𝐼1. Further, the model considers rate dependence and couples 
the elastic and plastic deformations. The latter point is necessary due to the microphysical 
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material science which results in the brittle material becoming increasingly elastic with 
increased plastic strain.  
In terms of ductile fracture, it remains to be seen if the inclusion of the other stress and 
direct inclusion of deviatoric stress invariants is worth considering for practical use, 
however it is possible to design tests to consider their influence. Further, strain rate is 
clearly impactful for brittle fracture, however for ship collisions, it is unlikely that the 
change in loading rate would cause any change in the resulting fracture capacity. Finally, 
temperature consideration is clearly important when considering standard ship building 
steels and other applications with large temperature ranges. However even at the extreme 
for these materials such as use on vessels participating in Arctic/Antarctic transit, it is 
unlikely that the temperature will have a large effect on material failure in a laboratory 
setup for idealized plate samples. Temperature and strain rate were considered in 
preliminary selection of relevant factors however ultimately not tested due to experimental 
limitations and as such future work should be completed to ensure the assumption that they 
are not a major factor. 
2.5 Finite Element Standards 
This section provides background knowledge regarding modelling fracture induced by 
moving loads. This includes the industry standards and common practices for collision as 
well as the inclusion of triaxiality and Lode angle in computation. This latter in particular 
focuses on the recent development of a specific program, LS-DYNA due to familiarity and 
ease of use. 
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2.5.1 Plasticity 
Updating yield functions to include triaxiality and Lode angle in a numerical model was 
completed by Malcher et al (2014). The authors presented an implicit integration method 
depending on the Newton-Raphson algorithm to use the model presented by Bai & 
Wierzbicki (2008). The author prepared three finite element model cases of a flat groove 
specimen, the first with a basic Von-Mises equivalent stress yield function, the second 
using an updated yield function accounting for the pressure effect and the third, both Lode 
angle dependence and triaxiality. The error in the reaction displacement curve was reduced 
from 17% for the simplistic Von-Mises yield criteria, to 13% (which was similar to the 
results found by Drucker Prager models) to 2% through the inclusion of both triaxiality and 
Lode Angle when comparing the numerical results to an experimental validation test. As 
the focus of this work is fracture, these functions will not be further developed in this work. 
2.5.2 Fracture 
Various attempts to improve failure criterion or update standard failure criterion, the 
implementation of a known effective plastic strain to fracture, in finite element analysis 
have been completed. Alsos (2008) condensed the major works to the Bressan-Williams-
Hill (BWH) criterion and the combined Royce-Tracey damage, Cockcroft-Latham damage 
criterion (RTCL). Both criteria include the influence of triaxiality and were shown to 
improve prediction of fracture in numerical specimen. The BWH uses a concept known as 
failure level as determined by Hill’s work to describe local necking and thus relates the 
onset of failure to strain hardening for the material. The work also served to identify a major 
difficulty and ongoing issue with fracture prediction in numerical simulations; mesh 
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sensitivity. It was noted that at the large deformations necessary to incite fracture, elements 
were extremely size dependent and concluded that the study of mesh sensitivity was as 
important as the fracture criterion itself. 
Other major works on modelling fracture includes the extension of GISSMO (Generalized 
Incremental Stress State dependant damage MOdel) (Basaran et al. 2010). GISSMO itself 
uses a damage evolution parameter and a failure curve formulated in the space of triaxiality 
and plastic strain. The extension of this function involves the inclusion of Lode Angle 
Parameter in the damage evolution, through incorporating the work of Xue & Wierzbicki 
(2005). Although GISSMO has shown to be an accurate method for predicting fracture of 
idealized sample specimen, its development and implementation is outside of the scope of 
this work and therefore is not further elaborated. 
The implementation of triaxiality and Lode angle has also been achieved recently through 
the use of specific material models, such as MAT224 in LS-DYNA. This material card, 
formulates the stress states in the space of plastic strain, strain rate and temperature and 
further divides the material response into plastic and element failure. The stress state during 
plastic level loadings is defined by the Von Mises yield criterion, which itself is dependent 
on the strain hardening, rate effects and thermal softening (LS-DYNA Aerospace Working 
Group 2017). For damage accumulation and element failure, the material card requires four 
inputs. The first is the definition of the failure space via a load curve defining plastic failure 
strain for a given triaxiality range for shells or a table of curves defining plastic failure 
strain as a function of triaxiality and Lode Angle Parameter for solid elements. The 
remaining parameters are load curves which relate plastic failure strain to strain rate, 
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temperature and element size. From these inputs a failure criterion based on accumulated 
damage is tabulated and when it reaches 1 for a given element, the element has failed and 
is deleted. Further work is required to ensure that it is necessary for complicated loading 
scenarios of ship plating to include the parameter. At this time, the lack of implementation 
forces the user to use an exceptionally fine mesh, which is computationally expensive to 
incorporate Lode Angle parameter for common ship plating damages. 
It should be noted that prediction of stationary fracture for a ship hull sample has been 
completed accurately using a range of methods as shown in (Ringsberg et al. 2018). Here 
an experimental result of a ship like structure test was given to 15 contributors who were 
asked to accurately replicate the result numerically. The reference structure and experiment 
were similar to a typical double hull side shell subjected to a 90° collision with a bulbous 
bow. Due to test apparatus limitations, the structure was 1/3rd scale of similar full-scale 
structures. The contributors used different stress/strain relations and failure criterion. In 
particular, the five that most accurately predicted the experimental results used three 
separate failure criteria; initiation and evolution, shear failure and effective plastic strain to 
fracture. The first of these three criterion is the most complicated, using both a shear 
criterion to predict onset (i.e. pressure dependent failure) and a post failure damage 
evolution model. The latter is simple implementation of a singular fracture strain value at 
which the elements are deleted from the model. The accuracy of both methods is an 
important finding as it indicates that ideal, stationary collisions which occur orthogonally 
to the ship hull sample can be modelled accurately without the implementation of pressure 
or Lode dependent failure or evolution. As situations like this are perfectly ideal and 
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compared to experimental result, it is unlikely that prediction of fracture for real world 
analysis can be completed using the same simplistic methodology. However, one of the 
main goals of research in this area should be both an accurate and accessible method to 
predict generalized fracture for shell elements in real world situations. As such, simplified 
methods should not be dismissed until shown to be insufficient to accurately predict 
behaviour of more complicated loading situations. 
2.6 Knowledge Gaps in Literature 
From the literature of moving loads, ship collisions and tearing, it is clear that the ultimate 
goal of the work is to accurately assess bottom damages of full ship structures (hull plating, 
frames, etc.) through either analytical, empirical or numerical methods, with development 
of the latter allowing for accurate characterizations of a range of complex collision events. 
Most of the work focuses on either a very specific situation, such as the analytical and 
empirical analysis of tearing or the quarter scale double hull tests by Rodd & Sikora (1995) 
or is the macroscopic energy behaviour and doesn’t discuss the translation after initial 
impact, such as the collapse mechanisms outlined in the Rosenblatt (1975). Additionally, 
the two works by Quinton (2015) and Hong & Amdahl (2012), which do address moving 
loads, only consider plastic damages. The work by Alsos (2008) most closely addresses the 
problems acknowledged in this thesis, specifically moving loads, as well as fracture and 
implementation numerical modelling. However, the work itself does not address the actual 
quantification of the loss in fracture capacity due to horizontal translation. 
With regard to the  tearing/fracture scenario from Simonsen (1998) and Simonsen & 
Wierzbicki (1998) and all related work, the experiments resulted from an in plane collision. 
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Therefore, the “initial loading phase” which consisted of just the loading normal to the plate 
specimen in the work by Quinton (2015) and this thesis was omitted. As such, the work is 
heavily focused on the resistance (or horizontal force) whereas that is a secondary concern 
compared to the vertical force response for both stationary and moving loads in this thesis.  
With regard to the significant literature on numerical stationary loads resulting in fracture, 
in particular the work by Ringsberg et al. (2018), it was shown clearly that many different 
methods could result in the accurate modelling of a fracture event. These methods ranged 
from considering post necking and pressure dependency to the simple implementation of 
an effective fracture strain. However, the study did not extend the concept for moving loads 
and therefore is significantly different than the work in this thesis. It should be noted that 
both simplified and complex methods resulted in accurate prediction of fracture, however, 
why this is possible is not investigated. As such this is briefly discussed in the numerical 
section of this thesis. 
Overall, this thesis aims to confirm that the moving load effect exists for loads which incite 
fracture through physical experimentation, extending the work completed by (Quinton 
2015). Further, various factors related to a simplified collision are to be investigated. 
Following this, moving loads are investigated through numerical models to determine the 
validity of using an effective fracture strain to capture the behaviour of a moving load for 
varying stress states. Finally, observations will be made as to the necessity of including 
more complex material models, accounting for the stress state and therefore triaxiality and 
Lode Angle Parameter, and the validity of each method for the varying stress states 
observed in this work. 
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Chapter 3 Experimental Setup 
3.1 Experimental Approach 
Bao and Wierzbicki (2004) developed a locus to predict fracture for various ductile metals 
using fracture strain and triaxiality, with Xue and Wierzbicki (2005) extending the locus to 
include Lode Angle Parameter. The methodology developed showed dependence on both 
variables for A710 steel and Al 2024, which was then extended by Bai & Wierzbicki 
(2008), for many types of metals, particularly, A710, DH36, 1045, TRIP 690 & 780. Of 
these tests, DH36 remained relatively constant for varying Lode Angle and therefore 
thought to be independent of Lode parameter regarding fracture. 
Additionally, Quinton (2015) showed that the plastic structural capacity of steel plates and 
frame samples were significantly reduced due to the load translation when compared to 
stationary loads. Due to the path dependent nature of fracture and plastic damage, it was 
posited that fracture would also be dependent on moving loads for ductile ship steels. If the 
hypothesis was confirmed it was desired to explore the relationship between the fracture 
parameters due to load translation, given the research by Bai and Wierzbicki (2008) and 
link the current state of the art material science to the proven concept of moving loads for 
ship steel. This goal was ultimately not achieved as it was not possible within the scope of 
work for this thesis. 
3.2 Experimental Objectives  
The laboratory experiments had several key objectives as follows: 
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• Investigate the influence of moving loads on fracture initiation for plates made from 
ship steel;  
• Explore the response of the plate samples due to the moving load for two distinct 
indenter shapes; 
• Identify the minimum indentation depth to cause fracture for moving loads; compare 
with similar stationary load; and quantify the overall ultimate capacity loss due to the 
load movement; 
• Investigate the influence of indentation depth, and translation speed on moving load 
effects; 
• Identify the influence of the start location on fracture; 
• Acquire the necessary data to calibrate corresponding numerical models for further 
investigation of coupled moving load and fracture events. 
These objectives are centered on determining the fracture capacity for various conditions 
or scenarios and then comparing the results to a similar stationary loading. To do so the 
novel Moving Load Apparatus developed by Quinton (2015) was used. Additionally, the 
experimental work was significantly augmented by the past experience and knowledge 
from Quinton (2015). 
3.3 Moving Load Apparatus 
The Moving Load Apparatus is a novel experimental setup designed by Quinton (2015) to 
display the existence of moving load effects on plastic structural capacity for plate and 
frame samples. It was developed around the existing infrastructure in the Thermal Lab’s 
cold room at Memorial University of Newfoundland. 
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The complete assembled apparatus can be seen in Figure 3.1 with major components labels 
and descriptions as follows (further explanations of the indenters in the sections that 
follow): 
• Carriage: Plate sample is attached to the bottom side of the carriage by 70 bolts and lug 
nuts, in addition to the sandwich ring; which was designed to hold the sample through 
friction and not the shear resistance of the bolts. It should be noted that this setup 
differed slightly from the original tests by Quinton (2015) who also used keystock to 
ensure that the plate samples did not move. Keystock was not used for these 
experiments due to the thinness of the test samples, making the keystock setup 
impractical to implement. 
• Roller Rail System: Holds and guides the carriage and sample horizontally over the test 
span via a hydraulic horizontal ram between the two parallel rails. Horizontal ram 
allows for precise control in the lateral direction. 
• Swing Arm: Supports the indenter. It is attached to the support structure via load cells 
(to measure the horizontal reaction loads) and is seated on the MTS frame on the other. 
The swing arm rotates from minimum (-77.6mm at -1.7° to the vertical) to maximum 
(+77.6mm at 1.7° to the vertical) extension of the vertical ram.  
• Indenter: Transfers the vertical loading from the ram to the plate sample via a specific 
geometry or shape. Particularly useful for altering the state of stress (thus allowing for 
fulfillment of the experimental objectives). For the experiments in this thesis two 
indenters were used, a large rolling wheel indenter and a narrow cutting wheel indenter. 
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• Vertical Ram & MTS Frame: Existing infrastructure which provides vertical load to the 
swing arm and indenter system. MTS frame system is self-contained. The vertical ram 
can output a maximum of 500 000 kN. 
• Support Structure: The structure surrounding and supporting the other components. 
Provides the necessary structure to support the system and is self-contained. 
 
Figure 3.1: Moving Load Apparatus (Used with permission, ((Quinton 2015)) 
The test apparatus was designed to incorporate the existing infrastructure available, mainly 
the MTS test frame in the cold room. The MTS frame is the ideal machine to apply and 
measure vertical loads, while the cold room allows for control of temperature during 
testing. The other components were designed to apply and accurately measure loads in the 
horizontal direction while supporting the test samples. 
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3.3.1 Indenters 
As the experimental objectives involve determining the impact of varying stress states, and 
thus triaxiality and Lode angle, it was necessary to develop a new indenter. Thus two 
separate indenters, a rolling wheel indenter designed by Quinton (2015)and a new narrow 
cutting indenter were used.   
3.3.1.1 Rolling Wheel Indenter 
The rolling wheel indenter was originally designed and used by Quinton (2015). The wheel 
itself (Figure 3.2) is made of QT100 steel, with a yield stress of 690 MPa. The shape is a 
4in (10.16cm) thick section of a 10in (25.4 cm) diameter sphere and was designed to rotate 
to avoid sliding friction. 
 
Figure 3.2: Rolling Wheel Indenter (Used with permission,(Quinton 2015)) 
3.3.1.2 Cutting Indenter 
The cutting indenter was designed based on preliminary numerical tests to ensure that the 
indenter would not yield under conservative loading conditions. The wheel itself (Figure 
3.3) is made of 5150 oil quenched, hardened steel, with a yield of 910 MPa. The shape is 
similar to that of the rolling wheel, with a diameter of 10in (25.4cm) at the base, narrowing 
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to a radius of 0.0277in (0.07cm) at an angle of 29.75°. The width of the indenter was 1.75in 
(4.445cm). The cutter was designed to fit into the pillow block bearings used in previous 
testing. 
 
Figure 3.3: Cutting Wheel Indenter 
3.4 Specimen 
3.4.1.1 Specimen Design 
As the objectives were all based on the study of steel fracture, simple plate samples were 
selected. Plate sizing was originally selected to as a variable as to compare to previous work 
(Quinton 2015) however, this was found to be impractical both from procurement and 
structural standpoints, as the smaller of the thicknesses was not readily available and the 
larger was thought to not likely fracture under the maximum force provided by the vertical 
ram (500kN). Originally, the thicknesses of 1/8” (mm) and 1/4” (mm) were selected for 
analysis (again as to compare to the results gathered in previous work). The final thickness 
was selected to be 3/16”. 
The type of steel was also originally selected to be a variable factor based on ABS steel 
specifications. Two grades were selected based on operational temperature requirements. 
The first operational temperature was 0°C and dictated the use of A36 steel. The second 
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was -20°C and the standards required DH36 steel. This was also useful for comparison to 
the work of Bai & Wierzbicki (2008) who calibrated fracture locus for both A36 and DH36 
steels. Again, this was found to be impracticable, with a very long procurement time and 
high cost. Therefore, an equivalent to A36 was selected, 44/50W, with material properties 
given in Table 3.1. 
Table 3.1: Steel Bills for A36 Equivalent 
 Tensile Strength 
(psi) @ End 
Yield Strength 
(psi) @ End 
Elongation @ 
End 
Tensile Strength 
(psi) @ Center 
Yield Strength 
(psi) @ Center 
Elongation 
@ Center 
First Bill 76024 61236 0.34 75666 60794 0.35 
Second Bill 70092 54208 0.38 69568 55394 0.39 
 
The samples (Figure 3.4) were manufactured at Technical Services of Memorial University 
of Newfoundland. A total of 24 samples were prepared to fit the pre-existing apparatus. 
The only major change from previous experiments with the apparatus were the inclusions 
of cut-outs around the bolt holes of the plate at the recommendation of several participants 
from the original experiments. These cut-outs were added from the original moving load 
tests to allow for removal of the plate after heavy deformation, which had caused the plate 
to catch on the bolt pattern of the carriage and required time consuming removal through 
the use of a grinder. 
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Figure 3.4: Steel Plate Specimen  
From the dimensions, it should be noted that the plate samples can be considered long plates 
(Hughes, Paik, and Béghin 2010) as the ratio of length (a =1500mm) to width (b=400mm) 
is equal to 3.75, above the minimum 2 dictated for clamped plates. Therefore, the theory 
predicts the sample will undergo cylindrical bending (known as 1D bending henceforth) in 
the region of ± b about the center (a/2) of the plate and 2D bending elsewhere in the plate 
(i.e. near the plate’s short ends). Therefore, any events which occur in the region of ((a/2) 
± b) = 350mm to 1150mm are solely due to the effects of moving loads on an infinitely 
long plate. 
3.4.1.2 Specimen Installation 
The samples were installed to the carriage via a sandwich ring and series of 70 bolts and 
lug nuts. The sandwich ring holds the plate via friction instead of shearing on the bolts 
which result in local plate deformation and a change in the boundary conditions of the test. 
Each bolt was tightened to 325 N through the “3-2” method which was found by Quinton 
(2015) to be sufficient. This method allows for each nut to be tightened twice, ensuring that 
the boundary is even across the entire sample. 
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3.5 Data Acquisition 
The data collected from the tests was primarily in two forms, visual and sensor data 
collected by the equipment outlined in this section. It should be noted that all tests were 
performed at a data acquisition rate of 2048 Hz. The main data recording was completed 
through the use of the MTS test frame and connected devices. 
3.5.1 MTS Devices 
The setup included the use of five instruments to collect the necessary data, some of which 
were used to implement the experiment depending on the control type. The measuring 
devices are described as follows: 
• MTS Linear Variable Differential Transducer (LVDT) – LVDT is built into the MTS 
test frame and measures the vertical displacement of the ram and indenter. 
• MTS Load Cell: Model 661.2E-01 – Vertical load cell mounted between the vertical 
ram and swing arm and measures the vertical force applied by the ram and thus indenter. 
• Tovey Load Cell L – Model: SW20-50K – Mounted on the self-contained support 
structure to support the left side of the swing arm. Measures the horizontal load applied 
to the specimen by the indenter in conjunction with the right load cell.  
• Tovey Load Cell R – Model: SW20-50K - Mounted on the self-contained support 
structure to support the right side of the swing arm. Measures the horizontal load 
applied to the specimen by the indenter in conjunction with the left load cell. 
• Horizontal Linear Position Transducer (“yo-yo pot”) – Attached to the carriage via a 
magnet clip and measures the horizontal displacement of the carriage throughout the 
experiment. 
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3.5.2 Visual Data Recording 
The visual data was collected during and after the experiment had been completed. A video 
of each test was recorded from at least one angle, the leading edge of the indenter outside 
the carriage. Photos were taken after the test, usually after the plate was removed. 
All video was recorded through the use of a series of GoPro cameras. For every test, one 
camera was installed outside the carriage on the swing arm, facing the front edge of the 
indenter. In addition, for many tests, a camera was mounted inside the carriage at a similar 
position. The inside of the carriage was illuminated through the use of several 12V DC 
LED strips. For all tests, a GoPro Hero 2 was used for the outside position and a GoPro 
Hero 3 was used for the tests with video inside the carriage. While the two cameras are 
similar, the GoPro Hero 3 has a larger lens angle then the Hero 2 (170° vs 127°). The video 
is recorded at 1080p and 30 frames per second. 
All pictures were taken through the use of a Cannon EOS Rebel T5 camera. Photos were 
taken of the sample, and entire apparatus throughout testing. Photos of the sample were 
primarily taken after the plate had been removed, to capture the damage from various angles 
with superior lighting in comparison to when fixed in the frame. 
3.6 Experimental Methodology 
The experimental design was based on the initial investigation into moving loads using the 
apparatus by Quinton (2015). The factors initially selected for observation included steel 
type, thickness, temperature and indenter geometry. 
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It should be noted that the indentation depth was not initially selected as a factor as fracture 
was the desired outcome. Initially, a preliminary test was to be performed to ensure that a 
moving load effect existed for loads that induce fracture. From here, a depth which resulted 
in fracture during the horizontal portion of loading but not in the vertical loading was to be 
selected and used as the basis of the remaining tests. 
Due to various circumstances it was impossible to test the temperature, steel thickness and 
steel type factors. Instead the test parameters were changed so as to determine the moving 
load fracture capacity of the plates based on percentage of the maximum displacement or 
force necessary to induce vertical fracture for the two main regions of the plate (i.e. 1D vs 
2D bending areas). Additionally, several rate tests (i.e. tests at various indenter speeds) with 
the cutting indenter were performed to determine the impact of strain-rate on the moving 
load fracture effect but provided no usable data due to an extreme amount of signal noise 
in the resulting data. The loading control was also varied, although not out of desire to 
examine its effect. For the first 11 tests, the loading was completed via displacement 
controlled loading, where a specific displacement was inputted and maintained throughout 
the test (or varied for test 11). For the last 11 tests, the loading was completed via force 
control, where the ram maintained a specific loading on the plate.  
3.6.1 Steel Type 
The steel type was initially desired to mirror common ship steels used in the industry, and 
therefore ABS steel grades A and DH were selected. These steel grades are used in vessels 
operating in ice infested waters (ABS 2016). A is exclusively used in Class 1 or secondary 
structural members. Additionally, A steel is only used in thin plates (t ≤ 0.39”) in the 
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warmest of the classified temperatures (-20°C to -25°C). DH steel is a mid-level steel found 
in all three classes, particularly in Class 1 at medium thicknesses and low temperatures, 
Class 2 at medium temperatures and thicknesses and Class 3 for the high temperatures and 
thicknesses. Therefore the steel type is widely used in ice-going vessel construction, 
particularly in moderate primary structures. In addition to being applicable to marine 
applications, it also allows for comparisons between (Quinton 2015) and (Bai and 
Wierzbicki 2008); the latter, calibrated fracture loci for DH36 steel.  
After an initial search for the types of steel, it was decided that the DH36 was impractical 
due to cost and order time and therefore omitted from the experiment. After this, it was also 
found that the specific grade A36 was unavailable, therefore an equivalent grade 44/50W 
was used (Appendix I). 44/50W is common structural steel, with structural properties 
between A36 and DH36 steel types. It should be noted that while the classic properties are 
similar to the standard shipbuilding steel types, it is not directly comparable to the tests 
completed by Bai & Wiezbicki (2008), where the Lode dependency of the fracture locus 
varied heavily with the steel type. It should also be noted that this steel type would not be 
suitable for low temperatures (Ch 3.6.3), as it is not recommended where low temperature 
fracture toughness is required. 
3.6.2 Thickness 
The thickness of the samples was also originally selected as a variable factor with two 
levels similar to (Quinton 2015) to determine if the thickness of the steel impacted the 
moving load fracture strength. Originally, two thicknesses were selected to be 1/8” 
(3.0625mm) and 1/4" (6.125mm). After the initial search for the materials, it was found 
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that 1/8” was not readily available in 44/50W steel. Further, upon review it was decided 
that ¼” would be too thick to allow for fracture with the rolling wheel indenter within the 
limits of the MLA. Therefore, a final thickness of 3/16” was selected for use in the 
experiment. 
3.6.3 Temperature 
The temperature of the tests was originally selected to be a variable factor with two levels 
similar to (Quinton 2015) based on the operational range of the original steel grades (A36 
& DH36) and the design limits of the various instrumentation integrated into the MLA. The 
limiting minimum temperature for the MLA was -10°C based on the manufacturer 
specifications for the rolling rail system. Therefore, the two levels were selected to be -
10°C and 24°C (room temperature). Due to unforeseen downtime of the refrigeration unit 
of the Cold Room at the Thermal Laboratory at MUN, it was impossible to vary the 
temperature and therefore only an experimental temperature of 24°C was used. 
3.6.4 Test Start Location 
The test start location was varied to determine the impact of the fixed boundary on the 
moving fracture capacity of the plate samples. Due to the nature of the specimens (i.e. long 
plates) there is a one-dimensional region about the center of the plate. To examine the 
impact of the transition from 2D (at the ends) and 1D bending, the starting location was 
varied. In reference to the plate sample (Figure 3.4), the 1D region tests start between 
±350mm (550 & 900mm with respect to the end of the plate), while the 2D tests begin at 
±550mm (200 & 1300mm with respect to the end of the plate). The start location of 
±550mm (200 &1300mm from the end of the plate) was selected as to allow for maximum 
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travel for the indenter while not interfering with the sandwich ring or carriage (Quinton 
2015). 
3.6.5 Horizontal and Vertical Load Rate 
The load rate of the indenter was also added as a factor, both in the vertical and horizontal 
directions for both the force controlled and displacement controlled tests. There were two 
levels of this variable, which were coupled: high values of 20 & 175 mm/s, and low values 
of 4 & 80 mm/s; for the horizontal and vertical directions, respectively. The high values 
were found to be the maximum sustainable values of the ram based on preliminary testing.  
The load rate was also varied for several force control tests, however force control was only 
possible for the vertical loading phase. This was selected as it was desired to maintain 
constant movement along the horizontal loading of the plate. The vertical force loading rate 
was selected to be 18 kN/s based on the observed average loading rate of displacement 
controlled tests. It should be noted that although the average load rate was comparable for 
both displacement and force controlled tests, each resulted in a different loading rate, to 
maximum load during the vertical portion and a different level of force or displacement for 
displacement and force control respectively and therefore is difficult to compare. Further, 
a high speed force load rate was determined to be 180 kN/s. 
After review of the experimental data for the various rate tests, it was concluded that the 
data was unusable and thus omitted from analysis. This was due to the lack of PID 
calibration for the faster speeds. An example of this can be seen in Figure 3.5 below, which 
gives the horizontal displacement plotted against the vertical force for a high speed test 
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which was force controlled through the use of a ‘if’ loop and target force. Clearly, in 
comparison to a normal test, the force varies wildly. 
 
Figure 3.5: High Speed versus Normal Speed Force Control Test 
3.7 Test Plan 
The original test plan can be seen in Table 3.2, while the completed test regime can be seen 
in Chapter 4. 
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Table 3.2: Original Test Plan 
Run Plate Thickness Plate Grade Temperature Indenter Replications 
1 0.25 A 20 CW* 2 
3 0.125 A 20 RW** 2 
5 0.125 A 20 CW 2 
7 0.25 AH36 20 CW 2 
9 0.125 AH36 20 RW 2 
11 0.125 AH36 20 CW 2 
13 0.25 DH36 20 CW 2 
15 0.125 DH36 20 RW 2 
17 0.125 DH36 20 CW 2 
19 0.25 A -25 CW 2 
21 0.125 A -25 RW 2 
23 0.125 A -25 CW 2 
25 0.25 AH36 -25 CW 2 
27 0.125 AH36 -25 RW 2 
29 0.125 AH36 -25 CW 2 
   
Total Runs: 
 
30 
* Cutting Wheel (CW) 
** Rolling Wheel (RW) 
 
3.8 Experimental Procedure 
3.8.1 General Procedure 
For the experiments, the test procedure was as follows: 
1. Install and connect internal and external cameras (if used internal was used) 
2. Install specimen with installation procedure 
3. Check initial values for start position, and positions of interest with ram (if 
necessary). 
4. Bring indenter to horizontal starting position of test. 
5. Move indenter to touch plate specimen. 
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6. Record test notes and create new specimen file on MTS control computer. 
7. Activate video cameras 
8. Load test profile. 
9. Complete test. 
10. Take post-test pictures. 
11. Remove plate specimen. 
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Chapter 4 Experimental Results 
The experimental results are divided into two separate sections, for both the displacement 
and force controlled tests. This is due to the differing nature of the loading that makes the 
results of the two incomparable. Further the actual test parameters that were measured using 
the outlined data acquisition devices can be seen in Table 4.1 and Table 4.2, which provide 
a summary of the test factors for each of the experimental divisions. 
Table 4.1: Displacement Control Test Summary 
Sample Indenter Horizontal Start Location 
(mm) 
Vertical Indentation 
(mm) 
Max Vertical Force 
(Nx105) 
Test 1 RW* -550 10-75 NA 
Test 2 RW -550 75 4.7 
Test 3 RW -550 70  4.3 
Test 4 RW -550 67.5 4.1 
Test 5 RW -550 1-10 NA 
Test 6 RW -550 69 4.6 
Test 7 RW -275 69 4.3 
Test 8 RW -550,0,550 68.3,74.7,68.7 4.9,4.9,4.9 
Test 9 RW -200 69 3.9 
Test 10 CW** 0,550 Max 0.92,0.96 
Test 11 CW -550 22.5 0.83  
Test 12 CW -350 35.9 0.66 
 
Sample Vertical Fracture Force (N x105)/ End Force     Horizontal Distance to Fracture (mm) Notes 
Test 1 NA NA Calibration 
Test 2 2.5 -506.4  
Test 3 2.2 -72.8  
Test 4 2.5 NA No Fracture 
Test 5 NA NA Elastic 
Test 6 2.5 -100  
Test 7 2.5 43.4  
Test 8 NA NA Stationary, Max Ind. 
Test 9 2.5 NA No Fracture 
Test 10 0.93,0.96 NA Stationary 
Test 11 0.57 NA No Fracture 
Test 12 0.66 215.8 Ramp Test 
     
* Cutting Wheel (CW) 
** Rolling Wheel (RW) 
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Table 4.2: Force Control Test Summary 
Sample Test Location 
(mm) 
Vertical Force (N 
x104) 
Fracture Force (N 
x104) 
Vertical Indentation 
(mm) 
Distance to Fracture 
(mm) 
Test 13 1 550 (BWD*) 8.8 8.2 27.3 14.3 
 2 -550 (FWD**) 6.9 6.5 28.7 59.8 
 3 -200 (FWD) 7.0 6.6 29.2 43.9 
Test 14 1 -550 (FWD) 6.0 5.8 28.9 153.7 
 2 -200(BWD) 5.8 5.6 29.0 235.2 
Test 15 1 -550 (FWD) 5.2 NA 25.2 (max) NA 
Test 16 1 -200 (FWD) 6.8 6.3 28.4 60 
 2 550 (BWD) 5.6 5.5 29.5 201.4 
 3 -550 (FWD) 5.4 NA 28.9 (max) NA 
Test 17 1 -550 Max 9.6 27.1 (@ fracture)   NA 
 2 0  Max 9.3 28.7 (@ fracture) NA 
Test 18 1 -550(FWD) 5.6 NA 28.8 NA 
* Backwards Direction of Horizontal Travel (BWD) 
** Forwards Direction of Horizontal Travel (FWD) 
 
4.1 Displacement Controlled Tests 
The displacement controlled tests were based off experience from the initial tests completed 
with the apparatus by Quinton (2015). Twelve tests were performed with various 
combinations of parameters, including start conditions as per Table 4.1. The tests were also 
further sub-divided by indenter type for analysis. 
4.1.1 Rolling Wheel Displacement Control Tests 
There were a total of nine rolling wheel, displacement controlled tests completed with 
varying starting conditions to observe the impact of the boundary conditions on the moving 
load capacity of the plate specimens. The tests were mostly performed to determine the 
necessary fracture indentation to cause fracture, to compare the influence of horizontal 
starting position (and therefore type of bending) and finally, to explore the influence, if 
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any, movement of the load had on plate fracture. This was completed with four tests to 
determine the fracture indentation over the full plate length (2D bending), two over the 
middle section of the plate (1D bending), an initial calibration test, and a stationary 
maximum capacity test. Finally, a series of elastic tests based on the recommendation for 
future work by Quinton (2015) were performed to observe the load level which the moving 
load effect could be observed. 
Of the nine tests, three did not result in fracture on the first loading (subsequent loadings 
were not included in this work). It is also worth noting that fracture did not occur due to 
the overloading of the plate’s membrane capacity, but instead due to the shearing action of 
the edge of the indenter wheel. This fact is instrumental in how the results of these tests are 
interpreted. This is further addressed in the recommendations of Chapter 6. Finally, the 
legend for the plots is in the format of “Test# - Vertical Target Displacement – Horizontal 
Start Position”. Where omitted, the horizontal start position is the end or -550mm. 
4.1.1.1 Indentation to Induce Fracture 
Four displacement controlled tests were performed to explore the relationship between 
indentation to induce fracture for full length tests and determine the applicability of moving 
load effects to ductile fracture. The results of these tests can be seen in Figure 4.1, Figure 
4.2 and Table 4.3. The presence of moving load effects was confirmed in Test 2 with an 
initial static, vertical indentation of 75mm, resulting in a force of 474 kN. The sample then 
fractured at 43.6 mm from the starting position laterally during the horizontal movement 
phase, at a vertical force of 248 kN. Clearly from the results of the Test 2, the fracture 
capacity of the plate specimen is greatly reduced.  
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Table 4.3: Induced Fracture Test Summary 
Sample Indenter Location 
(mm) 
Vertical Indentation 
(mm) 
Max Force 
(kNx105) 
Fracture Force (kN x105)/ 
End Force 
Distance to 
Fracture (mm) 
Test 2 RW -550 75 4.7 2.5 43.6 
Test 3 RW -550 70  4.3 2.2 476.2 
Test 4 RW -550 67.5 4.1 2.5 NA 
Test 6 RW -550 69 4.6 2.5 450.0 
 
Figure 4.1: Rolling Wheel Fracture – Vertical Force vs Horizontal Position 
59 
 
Figure 4.2: Rolling Wheel Fracture – Horizontal Force vs Horizontal Position 
After the moving load fracture effect was confirmed for moving loads, the minimum depth 
to induce fracture was explored to determine the total capacity loss of a plate loaded 
critically to fracture. These tests saw several limitations. Mainly the geometry of the rolling 
wheel indenter bearing, allowed a maximum vertical indentation of ~75mm before the 
bearing came into contact with the plate during testing and therefore skewing results. An 
example of this can be seen in Figure 4.3, which shows post test scoring on the plate 
specimen. Due to this, it is likely that the reading of vertical and horizontal forces in these 
cases were artificially high in these cases and as such the results should be used only to 
display the phenomena of decreased force to fracture and not to model the relationships. 
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Figure 4.3: Bearing Contact Damage (shown to the right of the fracture) 
Figure 4.1 shows the vertical force exerted by the plate on the rolling wheel indenter. The 
center of the plate was adjusted to correspond with 0 mm horizontal displacement, while 
the horizontal start position for the tests was -550 mm. From the plot, three tests, Test 2, 
Test 3 & Test 6 resulted in fracture. Based on the tests, the fracture was achieved at a 
minimum moving vertical force of 224 MN for the full sample tests which occurred at a 
vertical indentation depth of 69mm. It is worth noting that Test 6 provided inconsistent 
results when compared to the other three tests, with a vertical force history comparable to 
that of the 75mm plot, however the sample fractured at a much larger horizontal 
displacement. It was speculated that this was due to some deficiency or variation between 
the plate samples. 
Figure 4.2 shows that the specimen’s ability to resist horizontal movement reduces with the 
initial level of vertical indentation and thus vertical force. This is further illustrated when 
comparing the horizontal distance to fracture for the full samples tests. Test 2, Test 3, Test 
6 respectively resulting in 43.6, 476.2 and 450 mm to fracture in the horizontal direction. 
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Due to the limited number of data points, and the non-consistent results found in Test 6, it 
is not possible to characterize this relationship.  
4.1.1.2 Loss in Fracture Capacity 
To quantify the loss of fracture capacity, three stationary vertical tests were completed to 
determine the fracture capacity of the plate without the identified moving load effect. The 
test was unsuccessful as the load capacity of the vertical hydraulic ram was reached, 
therefore trigging an end condition for the program and thus ending the test. The results 
and maximum forces & indentation achieved can be found in Table 4.4. As the necessary 
stationary force was not found, it was impossible to quantify the total fracture capacity loss 
for the rolling indenter, however the results clearly confirm a loss in capacity with 
horizontal translation when compared with the results of Chapter 4.1.1.1 as expected from 
previous study of moving loads. With the numbers available it is possible to say that the 
loss in capacity is in excess of 50% for both the 1D and 2D bending regions for the rolling 
wheel tests. 
Table 4.4: Stationary Maximum Vertical Indentation Tests 
Sample Indenter Horizontal Location (mm) Vertical Indentation (mm) Maximum Vertical Force (Nx105) 
Test 8-1 RW -550 68.3 4.9 
Test 8-2 RW 0 74.7 4.9 
Test 8-1 RW 550 68.7 4.9 
 
Also of note was a slight permanent deformation of the Moving Load Apparatus, which 
resulted in a residual maximum deformation at the mid-point approximately 1 mm on each 
side Figure 4.4. Due to this, rework of the remaining plates was required to fit on the 
62 
 
apparatus. The size of the bolt slots were increased by 25% to allow for proper installation. 
The overall impact is explained with other experimental issues and errors in Chapter 6. 
 
Figure 4.4: Apparatus Deformation 
4.1.1.3 Influence of End Conditions 
After a target vertical displacement to cause fracture was identified to be 69mm, the second 
factor, the initial position of the indenter in the horizontal direction, was investigated. In 
addition to the first four tests which were completed over the maximum horizontal test 
range (−550 to 550mm), two tests were performed starting from horizontal locations of 
−275 mm and −200 mm respectively.1 The resulting specimen behaviour can be seen in 
Figure 4.5 and Figure 4.6, which compares the three tests performed at a constant initial, 
vertical displacement 69mm. Table 4.5 shows a summary of the relevant parameters. 
                                                 
1 The initial starting location for one dimensional bending (Test 7) was selected based on observation of the 
vertical force from full length tests – i.e. where the vertical force no longer decreased with horizontal 
translation. Later (Test 9 & later), the two dimensional region was selected based on (Hughes, Paik, and 
Béghin 2010)(Hughes, Paik et al. 2010) which dictated the two dimensional region from -550 to -350. 
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Figure 4.5: Horizontal Position vs Vertical Force for Varying Start Conditions 
Figure 4.6: Horizontal Position vs Horizontal Force for Varying Start Conditions 
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Table 4.5: Summary of Start Condition Tests 
Sample Horizontal 
Start Location 
(mm) 
Vertical Indentation 
(mm) 
Maximum Vertical 
Force (kNx105) 
Vertical 
Fracture 
Force (N x105) 
Horizontal 
Location of 
Fracture (mm) 
Notes 
Test 6 -550 69 4.6 2.45 -100.0  
Test 7 -275 69 4.3 2.48 43.6  
Test 9 -200 69 3.9 NA NA No Fracture 
 
From Figure 4.5 and Table 4.5, the fracture forces were almost identical however horizontal 
displacement at fracture decreased for the 2D bending test. As the vertical force at fracture 
is nearly identical at both start locations, this suggests that the vertical capacity of the plates 
are not impacted by the start position, for this level of initial vertical indentation. However, 
it should also be noted that this was only confirmed for vertical displacements which 
allowed for fracture in the observed 2D bending region (i.e. region of constant or near 
constant force response).  
In addition to the Tests 6 and 7, a supplementary test, Test 9 was performed with the same 
initial vertical displacement (69mm) and horizontal starting position of -200 mm. This test 
did not result in fracture. Figure 4.6, shows that the vertical force achieved was 246 kN due 
to the same loading is slightly lower than that of the other two tests at 245.7 kN & 246.8 
kN. There are a number of possible explanations for this difference, however the most 
likely source of error was the deformation event which occurred during the maximum 
vertical loading tests, where the carriage itself deformed 1mm inward at the midpoint (see  
Figure 4.4). The experimental problems and errors are covered in detail in Chapter 6. 
Figure 4.6 shows the horizontal capacity of the plate specimens which were all performed 
with an initial, vertical displacement of 69mm. The resulting maximum, horizontal force is 
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nearly identical (76.4 kN, 76.9 kN, 76.6 kN) for each of the three tests however, only Test 
6 and 7 resulted in fracture. As it Test 9 was after the bending event, comparison to earlier 
tests can be omitted. As the horizontal total forces were identical, this suggests several 
things. Primarily, the horizontal start location (and thus boundary condition) has little 
bearing on the maximum horizontal force induced in the sample as observed in Test 6 and 
7. Following this, horizontal force is also independent of horizontal distance to fracture and 
is instead a function of the horizontal start location (or bending condition).  
4.1.1.4 Elastic Tests 
In addition to the nine rolling wheel fracture tests, nine tests were completed to show that 
the moving load effect was negligible for elastically loaded plates. This work was 
completed based on the recommendation for future work by Quinton (2015) as to determine 
the required loading to observe the moving load effect on hull structures. For the purposes 
of this work, this recommendation was observed for a plate specimen which were loaded 
sequentially until a moving load was observed. It was believed that the moving load effect 
was negligible for elastic deformations, and practically negligible for low, localised plastic 
strains (i.e. small plastic deformation). To explore this, a series of tests were conducted on 
a single test sample for increasing levels of vertical indentation. This can be seen in Figure 
4.7, while a summary of the resultant forces can be seen in Table 4.6. Note data labels were 
omitted for clarity from Figure 4.7. 
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Table 4.6: Summary of Elastic Tests 
Vertical Displacement 
(mm) 
Vertical Force @ 550mm 
(kN) 
Vertical Force at -550mm 
(kN) 
% Difference of Vertical Force 
Response 
1 1.5 1.3 17% 
2 3.1 2.8 10% 
3 4.9 4.6 7% 
4 6.8 6.4 6% 
5 9.3 8.6 8% 
6 12.6 11.6 8% 
7 17.6 16.0 10% 
8 25.5 22.8 11% 
10 42.2 34.1 21% 
 
Figure 4.7: Vertical Force vs Horizontal Position for Elastic Tests 
From Figure 4.7, it can be seen that the specimen response is uniform about the midpoint 
for the vertical indentation levels 1mm to 5mm. After this, a slight loss in vertical capacity 
can be observed, where the loss is defined as the difference between the maximum 
stationary vertical load (i.e. initial force before translation) and the force at the 
corresponding point. For these tests, the starting horizontal position was selected to be -550 
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mm, and the corresponding end point at 550mm. As the plate is constrained on the ends, it 
is necessary that symmetrical points about the center are selected as to ensure that the 
contributions due to the boundary conditions are identical for both the stationary and 
laterally translating measurement points. This allows for a direct comparison of the loss in 
capacity solely due to the horizontal component of translation. Figure 4.8, shows the loss 
in response as a percentage of the stationary response plotted against the initial vertical 
displacement. From this plot, the results are as predicted with exception to the 1mm and 
2mm vertical indentation tests. Both of these tests appear to have resulted in significant 
vertical capacity loss when compared to all other tests. This can be practically explained 
due to the extremely small levels of force measured in these tests. The 1mm test resulted in 
a vertical force response of only 1501 N for the initial stationary, vertical displacement, 
which is less than 0.5% of the vertical capacity of the measurement device. The 
observations that the loss in capacity is negligible for elastic deformations is confirmed 
with small losses for 3 mm to 5 mm. After this occurs, the losses increase with vertical 
displacement for the remaining tests, from 5 mm to 10 mm.  
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Figure 4.8: Percent Loss of Moving Load Response as Compared to Static Response 
4.1.2 Cutting Wheel Displacement Control Tests 
Displacement control tests were also performed for the cutting wheel indenter. Initially, the 
maximum vertical, stationary capacity was assessed and found to be 92.6 kN at 28.7 mm 
vertical indentation for a horizontal starting position of -550, and 96.1kN at 27.1 mm 
vertical indentation for a horizontal starting position of 0mm. Following this, a full length 
(horizontal movement from -550mm to 550mm) was performed at a vertical displacement 
of 22.5 mm (~85% of vertical capacity) of indentation which, incorrectly, was predicted to 
cause fracture based on the rolling wheel tests. The results of these tests can be seen in 
Figure 4.9 and clearly show that for constant displacement tests, the response is much less 
susceptible to the moving load effect for fracture than the rolling wheel tests. This is due to 
the change in indenter geometry and thus the stress state induced in the plate sample. This 
indicates that the moving load effect for fracture (the reduction of vertical, fracture capacity 
experienced during a horizontal displacement) is dependent on the stress state induced by 
the indenter. Further, it became apparent that the plate would not fracture for displacement 
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controlled tests, while fracturing for force controlled experiments which induced 
displacements on the same magnitude as the displacement controlled tests. This is believed 
to be due to the tests not reaching a required minimum force to induce fracture, which is 
relatively “close” to the stationary, vertical force to fracture due to the cutting wheel 
geometry and thus incited stress state. Despite the lack of fracture, this clearly shows that 
the moving load effect for plastic level damages is present for the cutting wheel, with a 
reduction in vertical force response at symmetrical points about the center of ~35%, 
Figure 4.9: Preliminary Cutting Wheel Test Results  
4.2 Force Control Tests 
From the cutting wheel displacement tests, it was shown that the relative capacity loss for 
the cutting indenter was smaller than the rolling wheel therefore making displacement 
control tests more difficult to perform. It was decided to switch to force control to assess 
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any potential capacity loss for the cutting wheel indenter. These force control tests were 
done as a function of the maximum force capacities determined from the stationary 
displacement controlled tests. Additionally, similar to the displacement control, rolling 
wheel tests, the impact of horizontal starting location was also analyzed. Further, the impact 
of force on horizontal distance to fracture was also explored. Finally, several tests were 
performed with increased strain rates, however (as above for similar tests) the results are 
highly suspect and thus omitted from analysis due to the tuning of the PID control for a 
lower speed. The format of the legend of the moving load plots follows “Plate# - Test# 
(@Horizontal Start Location (mm)), while the stationary plots follow “Plate# - Max Vert 
(Horizontal Start Position) ML-FC (@Vertical Target Force)”. 
4.2.1 Plate Deformation between Tests 
Due to the limited number of plates, multiple tests were completed on the same plate, if 
possible, with the cutting wheel. This was generally possible due to the small localized 
bending generated by most of the cutting wheel tests, in comparison to the rolling wheel 
test (see Figure 4.10). From the pictures, at the extents of the specimen which has been 
deformed with the cutting wheel, there is negligible damage in comparison to the extents 
of the specimen deformed with the rolling wheel. Further, to ensure that the deformations 
were small and the tests valid, the initial vertical starting position was measured before and 
after a number of tests, with the results showing no deformation.  
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Figure 4.10: Global Damage Comparisons (Top – Cutting Wheel, Bottom – Roller 
Wheel) 
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4.2.2 Vertical Stationary Capacity 
The vertical stationary capacity was assessed through two tests on one plate sample. One 
test was completed at -550mm (horizontal start location), with one test at 0mm (center of 
specimen). This was completed as to measure the capacity loss for both the 2D and 1D 
loading tests which were assumed to be from horizontal regions of ±550mm to ±350mm 
and ±200mm to 0mm respectively. The results of these tests are given in Table 4.7 below, 
and graphically shown in Figure 4.11, which shows that the 2D bending region had a larger 
capacity then the 1D tests.  
It should be noted that the vertical force to fracture for the cutting wheel is significantly 
lower than any of the responses during stationary loading for the rolling wheel which did 
not result in fracture. From this, it can be surmised that the stationary, vertical force to 
fracture is lower for the cutting wheel geometry than the rolling wheel despite the inability 
to directly measure the latter. This is due to the change in stress state due to the change in 
indenter geometry. The cutting indenter induces significantly less bending before reaching 
a stress state which allows for the onset of fracture to occur. This is further addressed in 
Chapter 5, through the use of a numerical models to predict stationary capacity and 
compares numerical results for both indenter geometries. 
Table 4.7: Stationary Vertical Indentation Tests 
 Sample Test Location (mm) Fracture Force (N x104) Vertical Indentation (mm) 
S10 1 -550 9.6 27.1 (@ fracture)   
 2 0 9.3 28.7 (@ fracture) 
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Figure 4.11: Vertical Force vs Vertical Position for Stationary Capacity Tests 
4.2.3 Two-Dimensional Cutting Wheel Capacity Loss Tests 
The cutting wheel capacity tests were completed by starting at the two symmetrical starting 
points (±550mm) and running the test towards the midpoint of the plate. Due to the 
relatively small fracture distances, multiple tests could be performed on each plate 
assuming that minimal bending occurred in the preliminary tests. This was checked by 
comparing the initial vertical location of the indenter before the first test and subsequent 
tests at that horizontal location for a number of tests.  
In total, six tests were performed, five with a horizontal starting position of -550 mm and 
two with a horizontal starting position of 550mm and target vertical forces ranging from 
83.4 kN to 46.3 kN, which corresponds to 90 & 50% of the stationary, vertical fracture 
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force determined through the displacement control tests. The results can be seen in Figure 
4.12, Figure 4.13 and Figure 4.14 which give the vertical force vs horizontal position, 
vertical displacement vs horizontal position and horizontal force vs horizontal position 
respectively. It should be noted that the tests with the starting position of 550 mm, have 
been transposed to -550 mm for the purposes of visual comparison, however are clearly 
marked in the legend of each plot. Table 4.8 gives the target vertical force, actual vertical 
force at fracture (if applicable), the maximum horizontal force and maximum displacement 
for each test. 
 
Figure 4.12: Vertical Force vs Horizontal Position for 2D Cutting Tests 
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Figure 4.13: Vertical Displacement vs Horizontal Position for 2D Cutting Indenter Tests 
Figure 4.14: Total Horizontal Force vs Horizontal Position for 2D Cutting Indenter Tests 
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Table 4.8: Summary of Results for 2D Bending Cutting Wheel Tests 
 Target Force 
(kN) 
Force at 
Fracture (kN) 
Vertical Displacement at 
Fracture (mm) 
Horizontal Displacement 
at Fracture (mm) 
Horizontal Force at 
Fracture (kN) 
Plate 13-
1  
83.4 81.5 27.3 14.3 4.3 
Plate 13-
2 
64.8 65.5 28.7 59.8 9.2 
Plate 14-
1 
55.6 58.1 28.9 153.7 10.9 
Plate 15-
1 
46.3 NA NA NA NA 
Plate 16-
2 
50.9 54.8 29.5 201.4 10.7 
Plate 18-
1 
50.9 NA NA NA NA 
 
Figure 4.12 shows that fracture occurs in several tests at much lower forces showing a 
moving load capacity much lower than the stationary test, again confirming the 
applicability of the moving load effect for fracture, with both indenters. Additionally, the 
minimum force to induce fracture, and thus the maximum capacity loss, was quantified 
with respect to the maximum stationary vertical force. This was determined through Test 
15-1 and Test 18-1 which did not fracture, reaching peak, moving vertical forces of 52 kN, 
and 56.4 kN respectively. However, Test 16-2 reached a peak moving, vertical force of 
56.3 kN and fractured at 54.1 kN. This corresponds to a 43.6% loss in capacity as compared 
to the vertical, stationary, 2D bending test fracture force. This displays the variability of 
fracture and its dependence on material differences and flaws. 
Additionally, Figure 4.13 displays the relationship between the specimen’s ability to resist 
vertical displacement and horizontal position. From the figure, a clear point of inflection 
occurs, which indicates the point at which the specimen could no longer resist vertical 
indentation (i.e. ultimate failure & fracture). In general, at lower forces the specimen 
fractured at higher vertical indentation. It should be noted, that the range difference of 
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vertical indentation to cause fracture was extremely small in comparison to the rolling 
wheel specimen tests. This was likely due to the shape of the indenter inducing different 
stress states. In comparison to the vertical stationary tests, it is clear that the necessary 
indentation to induce fracture increases due to the moving load effect. Further, with 
decreasing vertical forces the vertical indentation at fracture increases. This is shown in 
Figure 4.15, where the vertical capacity as a function of the stationary capacity is plotted 
against the vertical indentation at fracture. 
 
Figure 4.15: Vertical Indentation to Fracture vs Force Capacity  
Figure 4.14 shows the horizontal force response for the two-dimensional bending tests. As 
expected, the horizontal force increased rapidly, until the target vertical force was reached 
at an approximate horizontal location of -500 mm in all tests resulting in fracture, with 
exception to Test 13-1. The specimens then carried this relatively constant horizontal force 
until fracture which then drops significantly when the specimen reaches steady state 
fracture. From Tests 15-1 & 18-1 where fracture did not occur, the constant horizontal force 
is reached at an approximate horizontal location of -300 mm and until the influence of the 
boundary causes an increase in the measured forces at an approximate horizontal location 
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of 300 mm. It should be noted that this is similar to the behaviour experienced by the Test 
4 where fracture failed to occur for the rolling wheel, however due to the large bending 
deformations, the impact of the boundary conditions is greater and causes the effective one-
dimensional bending region to be smaller.  
Regarding the remaining tests that resulted in fracture, the horizontal forces climbed to a 
peak loading, with the highest target vertical force of 83.4 kN in Test 13-1 inducing the 
smallest horizontal force of 4.3 kN. This was simply due to the fracture occurring early in 
the test period thus not allowing for bending and resistance in the horizontal direction. 
Finally, as expected the rate of change of the horizontal forces is approximately constant 
for all tests. 
Also of note is the horizontal distance to fracture as compared to the vertical force. As 
expected, the distance to fracture is directly related to the vertical force, with the largest of 
Test 13-1 causing fracture in 13.5 mm, while the lowest, Test 16-2 causing fracture in 201.4 
mm. While Tests 18-1 and 15-1 did not result in fracture, only 18-1 does not follow this 
pattern, inducing a significantly lower force horizontally then expected. 
4.2.4 One-Dimensional Capacity Tests 
The one-dimensional tests were performed over the horizontal region from -250 mm to 250 
mm and with a range of target vertical forces from 80.3 kN to 53.5 kN. As fracture occurred 
extremely quickly in most cases, multiple tests were performed on each plate, after 
concluding that the previous tests did not impact the specimen at the new test locations. 
Two tests were completed at horizontal locations of 200 mm and one at 0 mm. The results 
of the one-dimensional tests can be found in Figure 4.16, Figure 4.17 and Figure 4.18 as 
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well as Table 4.9. Again for convenience, the tests have been superimposed at a horizontal 
location of -200 mm with actual locations given in the legend. 
Table 4.9: One Dimensional Capacity Results for Cutting Wheel Tests 
 Target 
Force 
(kN) 
Force at 
Fracture (kN) 
Vertical Displacement at 
Fracture (mm) 
Horizontal Displacement 
at Fracture (mm) 
Horizontal Force at 
Fracture (kN) 
Plate 13-
3  
64.8 65.8 29.2 43.9 8.7 
Plate 14-
2 
53.5 56.3 29.0 235.2 11.5 
Plate 16-
1 
62.4 62.6 28.4 60.0 9.5 
 
Figure 4.16: Vertical Force vs Horizontal Position for 1D Bending Tests 
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Figure 4.17: Vertical Displacement vs Horizontal Position for 1D Bending Tests 
Figure 4.18: Total Horizontal Force vs Horizontal Position for 1D Bending Tests 
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Figure 4.16 displays the vertical force plotted against the horizontal positioning for each of 
the tests. The specimen exhibited similar trends to the two-dimensional test specimens 
where a much lower vertical force resulted in fracture in every test. The highest vertical 
fracture force during testing was Test 13-3 at 65.8 kN, which fractured the plate in 43.9 
mm of horizontal translation. The horizontal distance to fracture decreased with vertical 
force, similar to the previous results for all for of the tests, with the longest fracturing in 
235.2 mm. This horizontal distance to fracture corresponded to the largest loss in capacity 
at 32.3%, which was smaller than the 2D bending tests. 
The vertical displacement at fracture is shown in Figure 4.17, which shows a decrease in 
vertical indentation at fracture with decreasing force. This is the inverse of what was 
observed in the one dimensional bending tests, however it is of note that the total difference 
between all tests is less than 1mm and that all values are within 1mm of the 2D bending 
tests. This suggests that the boundary condition at the end is the cause of the increasing 
indentation at fracture.  
Additionally, the horizontal force is shown in Figure 4.18 and follows a similar trend to the 
two-dimensional bending tests. The horizontal force increases rapidly and begins to taper 
to a constant value as the force is allowed to develop. The lowest horizontal force, 8.7 kN, 
corresponds to the largest target vertical force of 64.8 kN as it fractures quickly in relation 
to the other tests. Conversely, the horizontal force is allowed to develop the most in Test 
14-2 due to the lower vertical target force of 53.5 kN and fractures at a maximum horizontal 
force of 11.5 kN.  
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4.2.4.1 Horizontal Start Location Dependence 
Fracture dependence on horizontal starting position was again compared through, in this 
case with two tests of the same target vertical force with horizontal starting positions of -
550mm and -200mm. Only one test was performed with the same target vertical force of 
64.8 kN, the results of which are compared in Figure 4.19, Figure 4.20 and Figure 4.21 
below. Again they have been superimposed for ease of comparison. 
 
Figure 4.19: Vertical Force vs Horizontal Displacement for Starting Location Comparison 
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Figure 4.20: Vertical Displacement vs Horizontal Position for Starting Location 
Comparison 
 
Figure 4.21: Total Horizontal Force versus Horizontal Displacement for Starting Location 
Comparison 
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Due to the limitation of sample size, it is difficult to confirm any trends, however, similar 
to the rolling wheel tests, the distance to fracture decreased in the one dimensional bending 
region. Additionally, similar to the rolling wheel tests, the peak horizontal forces were 
lower for the two-dimensional bending tests with 9.2 kN & 8.7 kN for Test 13-2 and 13-3 
respectively. Also of note is the vertical indentation to fracture which increased slightly in 
the two-dimensional bending region, however was extremely small and therefore likely 
negligible. The initial vertical indentation to target force was lower in the one-dimensional 
bending region which was expected due to the influence of the boundary conditions at the 
end of the plate.  
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Chapter 5 Numerical Experimental Results 
To further explore the moving load phenomena for fracture, a series of numerical 
experiments were completed corresponding to a rolling case, Test 6 and a cutting case Test 
13-2. The methodology used in preparation and results of the models are discussed in the 
following section. It is worth noting that due to time constraints, the models were prepared 
using a single equivalent fracture strain value that is independent of the effects of triaxiality 
and Lode parameter.  This is a commonly accepted method of analysis in the shipping 
industry and is confirmed to give accurate results for stationary loading to fracture 
(Ringsberg et al. 2018). However, as detailed in Chapter 2.4, the research put forth by Bao 
& Wierzbicki (2004), Bai & Wierzbicki (2008) and others displayed that fracture is 
dependent on both triaxiality and Lode angle parameter. As it was hypothesized that the 
change in parameters with the horizontal load movement was causing the resulting decrease 
in fracture capacity, it was expected that the results of these numerical tests would show 
the inability of the equivalent fracture strain method to accurately predict fracture for the 
moving load scenario. This method was achieved through calibration about a known point 
in fracture through comparing the vertical force response of the experimental, vertical 
stationary test and corresponding numerical simulation, and referred to as the calibration 
method henceforth.  
5.1 Scope and Objectives 
The scope and objectives of the numerical experiments were to: 
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• Develop calibrated/validated numerical simulations of two experimental tests: one 
rolling wheel (Test 7); and one cutting wheel (Test 13-2) 
• Investigate the accuracy of the commonly used equivalent fracture strain technique to 
model fracture due to moving loads. This technique involves simply calibrating a 
singular equivalent fracture strain value to existing tests, which has been proven 
(Ringsberg et al. 2018) to be accurate for stationary loading conditions. 
• Investigate and observe triaxiality and Lode angle at the experimental point of fracture 
to determine if their inclusion would impact results. 
• Ensure that multiple tests on one plate specimen were valid for the cutting wheel 
indenter. 
5.1.1 Methodology 
The model was prepared using the standard methodology determined by Quinton (2015); 
except for the inclusion of a fracture strain parameter in the plastic, kinematic material 
model. 
5.1.1.1 Model Geometry & Meshing 
Similarly to Quinton (2015), the testing apparatus was assumed to be rigid for simulation 
purposes, and thus only necessary to model the plate specimen pictured in Figure 5.1 due 
to the negligible difference of the inclusion of the plate beneath the stiffener ring. It should 
be noted, that as the carriage actually deformed horizontally during the stationary, vertical 
rolling wheel test and therefore is not actually rigid in all cases. However, as these 
deformations were small in relation to those experienced by the plate and only in the 
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horizontal direction, it was assumed that this response had no real impact on the modelling 
of sample and boundaries. The plate was given a mesh edge length of 5mm. 
 
Figure 5.1: Plate Model Mesh for Calibration Method 
Different from the work by Quinton (2015), the indenter wheels both vary from the 
previous geometric models. The roller wheel used in the physical tests is the same, 
however, Quinton (2015) only modelled a small wedge of the whole indenter due to the 
relatively small vertical indentation. As was observed in the physical tests, the straight 
vertical sides contacted the plate specimen and therefore was necessary to model 
numerically. The indenters were meshed using first the shell mesher and then extruding 
this mesh using the element generation tool. The mesh dimensions are 3mm in width and 
length, 2.5mm in depth. The rolling wheel can be seen in Figure 5.2. Additionally, the 
second indenter, the cutter wheel was modelled and meshed using the same methodology, 
however, like the original moving load experiments only a small wedge was modelled due 
to the lower vertical travel during these tests. The element dimensions are 7mm in width 
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and length. 5mm in depth. This can be seen in Figure 5.3. The indenters were both given 
rigid material properties as detailed in Chapter 5.1.1.3. 
 
Figure 5.2: Rolling Wheel Mesh 
 
Figure 5.3: Cutting Wheel Indenter Mesh 
5.1.1.2 Loading 
The loading was completed in two separate ways, force and displacement control to 
determine the impact if any, it had on the results. The vertical portions of the force control 
tests were completed through the direct utilization of the vertical force history from the 
89 
 
experimental results at 2048 Hz, while the displacement control used the experimental 
vertical displacement time history. In both cases, the data was loaded into the 
DEFINE_CURVE card directly with no reduction in frequency. This was done to ensure 
that indenter motions were correctly characterized as accurately as possible. For the force 
control simulations, the load was then applied using the LOAD_RIGID card, which simply 
applies a load to the rigid body (indenter) using the specified curve. The displacement 
control simulations were given a vertical motion using the 
BOUNDARY_PRESCRIBED_MOTION_RIGID card. 
For both the force control and displacement controlled tests, the 
BOUNDARY_PRESCRIBED_MOTION_RIGID card was used to define the horizontal 
motion. The horizontal motion curve was a displacement history in both cases, collected 
from the experimental data at 2048 Hz. 
5.1.1.3 Material Model 
The material model parameters were predominantly taken from the two material steel bills 
received during fabrication of the plate samples. However, due to the mixing of the samples 
during testing, two sets of numerical simulations were completed for each of the tests to 
determine which of the two more closely matched the experimental results.  
Further, a series of experiments were conducted to calibrate the fracture strain for the plate 
specimens for the calibration method as fracture strain is dependent on element size. 
Finally, the density, Young’s Modulus and Poisson’s Ratio were taken from previous 
experiments and standard material property datasheets for 44/50W structural steel (Chapel 
Steel 2018). The material constants can be found in Table 5.1 below. 
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Table 5.1: Material Model Parameters for Calibration Test Simulations 
 Density 
(kg/m2) 
Young’s 
Modulus 
(GPa) 
Poisson’s 
Ratio 
Yield 
Strength 
(MPa) 
Tangent 
Modulus 
(MPa) 
Beta 
(Strain 
Hardening 
Parameter) 
Fracture 
Strain 
First Steel 
Bill 
7850 207 0.33 374 432 1 0.265 
Second 
Steel Bill 
7850 207 0.33 422 157 1 0.285 
 
It should be noted that the tangent modulus and resulting fracture strain for the calibration 
method generated numerical results which did not comply with the observed experimental 
results. Therefore, the parameters were changed until agreement with the experimental 
results was observed. This was done by first finding a tangent modulus that resulted in 
agreement during the plastic damage portion of loading (with an effective fracture strain of 
zero), followed by calibrating a new effective fracture strain to match the experimental 
point of fracture. This is elaborated in Chapter 5.2.1. The final tangent modulus was given 
to be 585 MPa, while the determined fracture strain was found to be 0.243. Additionally, 
the indenters were given a rigid material model with the properties found in Table 5.2. 
Rigid materials in LS-DYNA are not allowed to deform, however the material properties 
are necessary when observing contact. 
Table 5.2: Rigid Indenter Material Model 
Density (kg/m2) Young’s Modulus (GPa) Poisson’s Ratio 
7850 207 0.33 
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5.1.1.4 Contact  
The contact between the two models was modelled using the 
AUTOMATIC_SINGLE_SURFACE algorithm as the formulation to detect contact 
between the elements, and the FORCE_TRANSDUCER_PENALTY card to read and write 
the forces experienced by the indenter and plate during contact. The later has absolutely no 
impact on the results of the simulation but measures the forces on the specified master and 
slave components as defined by the user. For the purposes of these numerical experiments, 
the contact was defined through a middle section of the plate and the whole indenter as 
shown in Figure 5.4, while the contact forces were measured separately for the indenter 
(master) and expected plate contact area (slave). The plate contact section was limited to a 
narrow band in the vicinity of the indenter, so as to decrease run time, as the algorithm 
checks for contact in all specified elements at every timestep. 
 
Figure 5.4: Master (Indenter) and Slave (Plate Contact Area) for Cutting Wheel 
Numerical Tests 
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It should also be noted that the contact method selected will choose the larger of the element 
edge length or the contact thickness. This should not be an issue for these simulations as 
the plate thickness of 3/16” (4.597mm) is smaller than the element edge length (5mm), 
however to ensure contact occurs in the proper spot, a contact thickness was defined using 
the PART_CONTACT card. 
5.1.1.5 Boundaries & Constraints 
Usually in a numerical simulation, one or more parts are fixed in place using the 
BOUNDARY_SPC card. However, due to the study completed by Quinton (2015), it is 
known that the plate is not rigidly fixed in the vertical direction, but instead moves with the 
elastic deformation of the carriage portion of the MLA. To achieve proper vertical 
compliance discrete linear springs were implemented. First, the edges of the plate are 
specified as a constrained nodal rigid body (CNRB) which fixes the motion of the plate 
edges. Following this, the motion of the CNRB is restricted for all motions with exception 
of vertical translation. Finally, four discrete springs at each corner are applied. This 
methodology was employed for the work in these thesis, as well as the observation that the 
k value for the spring constants was found to have a non-linear response when compared 
to vertical stationary force. Therefore, two spring constants were used; 6.338x106 N/m2 for 
the lower vertical force response tests (i.e. cutting wheel) and 2.57 x107 for the tests which 
had a higher magnitude of vertical force (i.e. rolling wheel). It should be noted that while 
sufficient for the scope of this thesis, following the same methodology employed by 
Quinton (2015) in developing a fully descriptive response surface would produce superior 
results and allow for easier and more accurate calibration of the model. Addition, during 
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testing the carriage of the MLA saw permeant deformation inward, deforming significantly 
in the center of the carriage. This is not a concern for the numerical simulations of the 
experiments which followed this deformation as the discrete springs ensure vertical 
compliance, not lateral. As the bolt slots of the plate specimens were re-drilled to allow not 
compression of the specimen during installation, the rigid lateral boundary condition is 
sufficient for the purposes of these simulations. 
The indenter wheel also has a set of constraints and is loaded using the 
BOUNDARY_PERSCRIBED_MOTION_RIGID card. Additionally, the motion is limited 
in all translations and rotations with exception to the x (horizontal) direction for the 
horizontal motion definition, and the y (vertical) for the vertical motion definition.  
5.1.1.6 Element Selection 
The shell element formulation used in these simulations is the default, Belytschko-Lin-
Tsay as per the sensitivity study completed by Quinton (2015). Also determined and used 
for these simulations was a suitable shear factor of 5/6 and number of through thickness 
integration points of 5. It should be noted that the number of through thickness integration 
points directly influenced the horizontal force readings and increasing this number would 
result in greater horizontal agreement and a longer solution time. For the purposes of this 
thesis it was deemed unnecessary. 
5.2 Cutting Indenter Numerical Results 
One set of calibration tests to determine a suitable effective fracture strain to failure was 
completed, followed by one displacement controlled moving load test. The stationary 
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calibration test was selected to be Test 10-2. For the moving load cutting indenter test 
specimen that was selected was Test 13-2 as it exhibited the expected result, fracturing 
during the horizontal translation portion of the loading despite being under a significantly 
lower vertical load then the stationary tests (31.8% at fracture). The following sections 
outline the results of the numerical experiment and comparison to the experimental results. 
5.2.1 Vertical Stationary Results 
There were many vertical stationary tests performed to calibrate the models to the desired 
point of fracture. Due to the relative accuracy of using effective plastic strain to fracture to 
model simple stationary capacity tests to fracture (Ringsberg et al. 2018) as compared to 
more complicated damage models, this method was used to calibrate the effective plastic 
strain to fracture for comparison in the various moving load tests. As outlined above, 
fracture strain is element size dependent and thus it is unsuitable to simply use the material 
elongation from the material bill. The use of the effective plastic strain to fracture method 
also clearly tests the belief that the moving load effect for loads which incite fracture is 
dependent on both Lode Angle parameter and triaxiality. If the effective plastic strain to 
fracture method of modelling fracture provides results which cannot be validated through 
the experimental test work, then the moving load effect is clearly dependent on the two 
parameters.  
The material properties for both steel bills can be found in Table 5.1 above, with determined 
fracture strains of 0.265 & 0.285.  It should be noted that the point of fracture noted by LS-
Dyna is the point when the effective plastic strain of the through thickness points in an 
element reaches the dictated effective plastic strain to fracture. Matching these nominal 
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times to fracture with the observed result experimentally resulted in a vertical load profile 
that peaked significantly lower than the experimental data. Thus, the curve was fitted based 
on peak force, which gave better agreement with the experimental data. The loading profile 
was also compared and can be seen in Figure 5.5 and Figure 5.6 for material bills 1 and 2 
respectively. 
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Figure 5.5: Numerical Force History for Material Bill 1 
 
Figure 5.6: Numerical Force History for Material Bill 2 
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From the plots, the agreement with the experimental data is poor for the plastic level of 
damage and the sample stopped resisting vertical force 0.75s after the experimental result 
for the first steel bill and 0.45s after for the second. Additionally, an unexpected valley can 
be seen near the peak force value. These tests simply calibrated an effective plastic strain 
to fracture about a known point of fracture with all other material properties fixed, 
including element size and tangent modulus. As it is clear that the post yield behaviour, 
particularly before fracture did not agree with the experimental results, the tangent modulus 
was first varied, until agreement was found for all damages not resulting in fracture. After 
this, a new effective plastic strain to fracture was found until agreement with the 
experimental results was achieved for use in the other numerical simulations. This process 
resulted in good agreement with the experimental results, mainly the time to fracture, 
agreement during the plastic deformation portion of loading and reduction of the 
unexpected valley at the peak vertical force. It should be noted that this was completed 
purely by sequential changing of the tangent modulus and fracture strain with no statistical 
modelling. The new tangent modulus was determined to be 585 MPa with a fracture strain 
of 0.243. The new material model resulted in a vertical force history in Figure 5.7 below, 
which again are matched against the experimental results for Test 10-2 for vertical force 
agreement.  
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Figure 5.7: Vertical Force vs Time for Stationary Numerical and Experimental Tests 
From the Figure 5.7, good agreement with the experimental data for the elastic, plastic, 
fracture force and relatively close time of fracture were achieved. The numerical simulation 
achieved a maximum force of 96.5 kN, while the experimental tests 96.06 kN, for a 
difference of 0.4%. While this is extremely small, it should be noted that the time of fracture 
was slightly different, with a numerical time of 7s and an experimental time of 6.785s. This 
can be explained by how fracture is treated by LS-DYNA. As each of the through thickness 
control points reach their fracture capacity, they simply stop supporting any load which is 
a downfall of how fracture is treated in numerical simulations and should be further 
investigated. Similarly, the post fracture behaviour is completely erratic and not in 
agreement with the experimental data. This is due to the treatment of element failure used 
99 
 
in simulation where the element is simply deleted upon the average effective plastic strain 
to fracture through all the control points reaching the defined fracture strain. Various post 
necking formulations exist to correct for this, however their use is outside the scope of this 
work.  
5.2.2 Moving Cutting Indenter Results 
The moving load tests were completed using the calibrated tangent modulus and fracture 
strain from the vertical stationary testing. These tests were completed through applying the 
vertical and horizontal displacements obtained directly from the experimental tests at 2048 
Hz. It should be noted, that both the displacement defined motion and force control 
generated identical results and as such are not presented in this thesis. It’s very likely that 
this is an abundance of data and unnecessary, however there was no real time penalty for 
implementing this and ensures that any extremely fine changes which influenced fracture 
were characterized in the numerical experiments. The results of the numerical test can be 
seen in Figure 5., 5.9 and 5.10 below. Note that in Figure 5.8, the data tip indicates the point 
at which horizontal translation begins for both experimental and numerical tests. In Figure 
5.9, the data tip indicates the point which the material failed for both the experimental test 
visually, while for the numerical results it indicates the point of defined failure for the 
simulation. This point occurs when the average strain through all 5 through thickness 
integration points reaches the defined effective plastic strain to fracture. The actual point 
where the material begins to stop supporting further loading occurs at the first plateau after 
horizontal translation, at a horizontal location of approximately -540mm. Further, fracture 
occurred in the model when the effective plastic strain of the through thickness integration 
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points reached the defined fracture strain. With respect to this work, five integration points 
were used with a fracture strain of 0.243. Upon, reaching this strain, the element is deleted 
which means that post fracture behaviour is very poor. Further, as each of the through 
thickness integration points reach the defined fracture strain, they stop supporting vertical 
force and thus result in a reduced measured vertical capacity in the plate specimen. This is 
the cause of the decreasing, “piecewise” type vertical response seen in Figure 5.9 and 
Figure 5.10, i.e. as each of the integration points fail, the element’s ability to resist 
vertical/horizontal force decreases. This is much different than the actual behaviour 
observed during experimental testing. 
 
Figure 5.8: Vertical Force vs Time for Numerical and Experimental Tests 
101 
 
 
 Figure 5.9: Vertical Force vs Horizontal Position for Numerical and Experimental Tests 
Figure 5.10: Horizontal Force vs Horizontal Position for Numerical and Experimental 
Tests 
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From Figure 5.8 the agreement with the experimental data is clearly worse than the results 
from stationary testing. For the vertical indentation portion of the test, the difference in 
peak vertical force is approximately 5% when compared to the experimental result (7.336 
kN and 6.9 kN for numerical and experimental respectively). This difference is not large, 
however is significantly larger then difference in stationary capacity in the calibration test 
above. This may suggest that the plate specimen used for both the calibration test and Test 
13-2 were prepared from separate batches and thus slightly different material properties.  
From Figure 5.9, the simulation accurately predicts the response until horizontal translation 
begins. After this, the quality of results severely diminishes, with a large discrepancy in 
results between the simulation and actual experimental results at the expected point of 
fracture. However, fracture is predicted to occur during the horizontal translation phase. 
Despite the inability to predict the horizontal point of failure, the numerical simulation 
clearly shows that fracture occurs at a lower force capacity than the stationary loading. 
From Figure 5.10, a similar trend is observed, however, the differences between the data 
sets is much less than that of the vertical force plot. 
Despite the differences, the results show that the numerical simulation does in fact predict 
fracture during the moving load portion of the test, despite the simplicity of the element 
fracture implemented in the model. This is not unexpected as the situation generated by the 
cutting wheel is very close to pure shear with minimal bending, regardless of whether the 
cutting wheel is stationary or moving (rolling). From (Bai, Teng, and Wierzbicki 2009), 
the pure shear corresponds a triaxiality and Lode Angle parameter of 0, which is logical 
considering the singular value of effective plastic strain to fracture used in analysis. 
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However, the analysis predicted fracture at a horizontal displacement of 36mm in 
comparison to the experimental result of 59.8mm found during laboratory testing. This is 
best seen in Figure 5.9, where the vertical capacity in the experimental data stays relatively 
constant until fracture occurs, while the vertical capacity decreases steadily until visual 
fracture occurs in the simulation. This can be explained due to the nature of the onset of 
fracture. In the experimental tests, fracture occurs due to a random, microscopic material 
defect along the length of the plate, while in comparison the plate sample is perfect uniform 
for the numerical simulation. Further, there is a minimal amount of bending due to the 
cutting wheel which makes the loading not strictly pure shear and thus shows the limitation 
of the effective plastic strain to fracture method and the necessity of including triaxiality 
and Lode Angle parameter in analysis of any loadings or collisions which don’t exhibit 
pure shear.  
5.2.3 Validity of Multiple Tests on One Plate Sample 
To show the validity of the assumption made during experimental testing about multiple 
tests on a plate specimen for the cutting wheel, the displacement and therefore deformation 
of the plate was measured at four horizontal locations along the plate (-550, -200, 200, 550) 
before and after each test. Doing so allowed for the justified assumption that no plastic 
damage had occurred. It is possible to further confirm this assumption, using the vertical 
stationary numerical model and the Von-Mises stress incited throughout the plate. This can 
be seen in Figure 5.11. 
. 
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Figure 5.11: Von-Mises Stress for Vertical Stationary Cutting Wheel Test 
From Figure 5.11, the non-trivial region of Von-Mises stress can be seen along with several 
reference points. From left to right, the first reference point is located at a horizontal 
location of -200mm, while the second at -550mm, both measured from the center of the 
plate. The Von-Mises stress at the -200m point is at maximum 121 MPa, which is well 
below the yield limit given by the material sheet at 374 MPa and 422 MPa for bill 1 and 2 
respectively. In fact the only large deformations are extremely local to the indenter or along 
the horizontal edges of the plate sample. 
5.2.4 Comparison of Moving and Stationary Tests 
Through the use of numerical models, it is possible to observe the potential influence of 
triaxiality and Lode Angle parameter on the moving load effect by comparing the response 
during a moving load test and a corresponding vertical force during a stationary test. For 
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the purposes of this thesis, the vertical force at the step before the onset of fracture was 
observed to be 5.74 kN. Figure 5.12 and Figure 5.13 show the triaxiality at corresponding 
forces, while Figure 5.14 and Figure 5.15 show Lode Angle parameter at the same vertical 
force. 
 
Figure 5.12: Triaxiality at 5.74 kN Vertical Force for Stationary Simulation 
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Figure 5.13: Triaxiality at 5.74 kN Vertical Force for Moving Simulation 
 
Figure 5.14: Lode Angle Parameter at 5.74 kN Vertical Force for Stationary Simulation 
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Figure 5.15: Lode Angle Parameter at 5.74 kN Vertical Force for Moving Simulation 
Figure 5.13 shows a very different behaviour with respect to triaxiality. For the stationary 
test a zone around the indenter wheel with high triaxiality (2/3) is seen. This corresponds 
to a region of tension as shown in (Bai and Wierzbicki 2008). In this region there is no 
influence of the edge conditions from the indenter. The moving test shows similar 
behaviour in the region surrounding the indenter, however, the zone of high triaxiality is 
larger than that of that of the stationary test. Additionally, a zone of intermediate triaxiality 
(0.3) can be observed at the edge, with a value of ~0 found in one singular element at the 
peak of the indenter.  Also of note is a small trailing region of high triaxiality separating 
the intermediate region caused by the indenter. This can be seen in Figure 5.16, which has 
the same fringe scale as Figure 5.13 above. From this, it appears that a slight tension is 
occurring on the trailing edge of the indenter. 
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Figure 5.16: Compression on the Trailing Edge of Indenter 
Similar to the observed behaviour regarding triaxiality, the resulting Lode Angle parameter 
is significantly different for both the stationary and moving tests as seen in Figure 5.14 and 
Figure 5.15. For the stationary simulation, there is a region of low (-1) Lode Angle 
Parameter surrounds the indenter with a small, moderately low (ranging from -0.6 to -0.8) 
region at the peak of the cutting wheel. The behaviour at the peak of the indenter is of 
particular interest, with a region of Lode Angle Parameter equal to -0.6 at the leading and 
trailing edge of the indenter wheel, while at the absolute peak having a value of -0.8. For 
the moving load test, the pattern is much more complicated. The low region (Lode Angle 
Parameter =-1) is significantly smaller, however encircles the majority of the indenter 
wheel as well as forming a small local low region at the leading edge. Moderate values (~0) 
can be seen in a symmetrical pattern about the majority of the indenter. The pattern shows 
the local stress state as the cutting wheel traverses through the plate sample. Finally, a high 
(~1) local region at the trailing point of contact of the indenter is seen, at the same location 
as the local high triaxiality region seen in Figure 5.13. The region about the indenter are 
described in Table 5.3 by combining the two parameters. 
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Table 5.3: Load States Observed During a Moving Load 
Label Triaxiality Load Angle Parameter Stress State 
A 0.3 0 Plain strain & generalized shear 
B 0 -0.2 Generalized Shear 
C 0.3 1 Uniaxial tension 
D 0.66 0 Plastic plane strain tension 
E 0.66 -0.2 Combined tension and shear 
F 0.66 -0.8 to -1 Equibiaxial tension 
 
 
Figure 5.17: Triaxiality (Left) and Lode Angle Parameter (Right) for Moving Load Case 
From the analysis, the stress state and thus Lode Angle parameter and triaxiality are 
clearly different for similar force responses for a moving load and stationary indentation 
case, however for the cutting wheel, fracture occurs at a point which is mostly under 
shear with a small bending (compression) component. Additionally, it can be seen that the 
horizontal motion causes a region of high triaxiality and Lode Angle parameter at the 
trailing edge as well as a region of low Lode Angle parameter at the leading edge (in a 
roughly constant triaxial region). This results in good agreement with the experimental 
results as the plastic strain at ~0 triaxiality and Lode Angle is a local minimum, and this 
minimum is reached at the ~0 region before the surrounding elements which are under a 
different stress state. 
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5.3 Rolling Indenter Numerical Test Results 
 The rolling indenter test specimen that was selected was Test 6, which exhibited fracture 
in a relatively short time as compared to the other tests, thus a reduced solution time. 
Further, the unfinished vertical stationary test was also modelled as to determine at what 
vertical displacement necessary to induce stationary fracture. Two non-calibration tests 
were completed. This section details the results of these tests. 
5.3.1 Rolling Wheel Moving Indenter Results 
A rolling wheel, moving load simulation was completed to compare to the experimental 
results as to determine the applicability of standard fracture finite element methodology for 
moving loads. This was completed by preparing a model identical to that of the most 
favorable of the experimental tests, Test 6. In this test, a plate specimen was loaded to 
69mm, using vertical displacement control and translated ~450mm before fracturing.  
To compare, the numerical model was prepared using the full experimental vertical and 
horizontal displacement loading curves, which was sampled at a rate of 2048Hz. Again, the 
test duration was scaled to 1/20 that of the actual experimental test as strain rate effects 
were not implemented in the numerical model. Additionally, as mentioned above, the k 
value was adjusted for forces on the scale of magnitude experienced during the roll wheel 
tests, based on the numerical test calibrations completed by Quinton (2015). Similar to the 
cutting wheel simulations, the post yield, pre-fracture behaviour was matched with the 
experimental results by varying the tangent modulus (690 MPa) until acceptance was 
achieved. Following this, the effective plastic strain to fracture of 0.243 found in the cutting 
wheel tests was used. The choice to use the calibrated effective plastic strain to fracture for 
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cutting wheel implies that the rolling wheel used in the same manner will also result in a 
number of incited stress states including that of nearly pure shear. It is hypothesised that if 
fracture can be adequately modelled while omitting triaxiality and Lode Angle Parameter 
then plate fracture for the following simulations should be well predicted. The results of 
the numerical test can be seen in Figure 5.18 and Figure 5.19. 
 
Figure 5.18: Vertical Force vs Time for Numerical and Experimental Tests 
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Figure 5.19: Horizontal Total Force vs Time for Numerical and Experimental Tests 
From Figure 5.18 the force at fracture is overpredicted by the numerical test slightly, with 
good agreement during the plastic loading section of the test. However, more notably is 
how and when fracture occurs in the numerical model. In the experimental tests, some 
horizontal travel occurred in every rolling wheel test before fracture. However, in the 
numerical test, the sample fracture immediately upon horizontal translation, at a 
significantly higher vertical force.  
The similar force profiles for the plastic damage section of loading suggests that the tangent 
modulus and boundary compliance are adequately calibrated, however, it should be noted 
that this was a difficult process. This could be more effectively achieved through the 
implementation of some analysis of variance (ANOVA) of the relevant factors (tangent 
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modulus, fracture strain) to create some sort of statistical model. Also of note is the greatly 
reduced horizontal response in the numerical test in comparison to the experimental result, 
seen in Figure 5.19. 
Figure 5.20, which displays the first frame of element failure, which is simply when the 
effective plastic strain through all five integration points reaches the defined effective 
fracture strain. The failure occurs at the peak displacement of the plate, or the centerline 
of the indenter first, and then propagates diagonally at 45° to the outside edges of the 
indenter. This suggests that the plate failed due to exhaustion of tensile strength in the 
model as the elements were effectively pulled apart in the z-axis (i.e. the width of the plate). 
In the experimental results, drastically different behaviour was observed, which can be seen 
in Figure 5.21. Here, it is obvious that the plate fractures at the right side of the indenter, 
which is then propagated in a steady manner by the edge of the indenter, suggesting that 
the plate failed due to some combination of shear and tension. This aligns with the initial 
belief that the moving load effect incites changing values is simply a manipulation of 
triaxiality and Lode Angle Parameter and indicates that the inclusion of these two 
parameters could increase the accuracy of numerical prediction of fracture for horizontally 
translating loads. Finally, this shows that the current methodologies are inadequate to 
predict fracture due to moving loads. 
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Figure 5.20: Numerical Fracture Propagation (Effective Plastic Strain Gradient). Note: 
Direction of indenter travel is to the left 
 
Figure 5.21: Experimental Fracture Propagation. Note: Direction of indenter travel is down 
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The difference in fracture modes can be explained through the exclusion of Lode Angle 
parameter and triaxiality. The values of these parameters are presented in the timestep 
before failure and can be seen in Figure 5.22 below.
Figure 5.22: Triaxiality (Left) and Lode Angle Parameter (Right) for Rolling Wheel 
Moving Load, Note: Direction of travel is left 
In Figure 5.22, it can be seen that where the failure occurs (section A, along the center line 
of the indenter wheel) is a region of high (2/3) triaxiality and approximately constant Lode 
Angle parameter (-0.2 to -0.4). Together, these parameters detail a complicated stress state 
of at the point of fracture in the numerical experiment, with large contributions due to 
bending. In comparison to the where fracture occurred in the laboratory experiments, 
(section B) experienced a range of triaxiality 2/3 and Lode Angle parameter of ~ -1. From 
the observed results during experimental testing, it is believed that fracture occurred at the 
peak of the indenter at the full width, occurring due to the shear edge of the indenter wheel 
in combination with a heavy bending. The large discrepancy is an inherent flaw in the 
effective plastic strain to fracture method, as the elements that are under heavy bending 
should fail at a relatively high effective strain (Bai and Wierzbicki 2008) as compared to a 
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stress state of pure shear. It should also be noted that highlighting the physical location of 
fracture, even with video, is extremely challenging, and future work in the area should 
incorporate some form of local strain measurement, or even a painted grid system with 
multiple internal cameras to ensure the location of fracture. 
It should also be noted that the state of stress incited in the numerical specimen at the point 
of fracture displayed in the laboratory (region B) is not an accurate. Fracture in the lab was 
witnessed to be incited by the combination of a large amount of bending in conjunction 
with the shear edge of the indenter, however, the state of stress given from the model is 
equibiaxial tension. This behaviour is function of the shell element size of the plate. The 
elements are as small as possible to be valid for shell elements in numerical models 
(thickness ~ edge length), however, is still relatively coarse in comparison to microscopic 
defects in actual steel, where fracture originates. Additionally, the indenter wheel edge is 
along element and not at an edge. As that element is strained from both the vertical and 
horizontal displacement, it incites the state of equibiaxial tension seen in the numerical 
model. This can be thought of like a small plate with a patch load starting at the center to 
one side of the plate. Further, as the element reaches the defined effective plastic strain to 
fracture they are simply deleted. In actuality, the patch load is a singular force at every 
point and instead forms a crack that aligns with the indenter wheel. Possible solutions were 
outside the scope of this thesis, however include solid modelling of the plate sample (thus 
increasing run time drastically) to allow for a finer mesh, some sort of fracture propagation 
modelling for shell elements, or extremely careful selection of mesh size based on contact 
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area. Overall, the behaviour suggests that for moving loads which incite fracture due to 
stress states that are not generalized shear, shell elements may not be valid for thin plates. 
5.3.2 Vertical Stationary Results 
The vertical stationary results used the fracture strain determined via the known fracture 
point of the vertical, stationary cutting indenter tests elaborated below. It should be noted 
as the experimental results did not reach fracture, the exact load curve could be not be used. 
Therefore, a simplified linear curve was defined. As strain rate effects were omitted from 
analysis, the overall test length was scaled by 20 (i.e. the displacement was applied 20 times 
faster then the actual tests were performed) as to reduce the cumulative CPU round-off 
error in longer explicit tests and to reduce run time. The results can be seen in Figure 5.23. 
 
Figure 5.23: Vertical Force vs Time for Experimental and Simulation Results 
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From Figure 5.23, the results for the simulation show a significantly different result then 
the experimental testing. Primarily, fracture occurred in the stationary simulation for the 
rolling wheel, at a relatively lower force and displacement whereas the experimental test 
resulted in no fracture.  
5.3.2.1 The Calibration Method and Indenter Type 
As displayed in the sections above, a clear discrepancy arises between numerical and 
experimental results for the rolling wheel tests despite excellent agreement with the 
vertical, stationary calibration test with the cutting wheel. This is an expected result and 
clear deficiency of using a singular effective plastic strain to fracture value to predict 
fracture for various types of collisions. Clearly, the two indenters possess significantly 
different geometry and therefore incite significantly different stress states. From the 
drastically different results, it can be said that the behaviour both during plastic level 
damages and at failure is dependent on more than a single strain value. From the work of 
Bai, Teng and Wierzbicki (2009) these factors include Lode Angle parameter and 
triaxiality. As such the triaxiality and Lode Angle parameter were compared for both 
numerical stationary tests which resulted in fracture. This can be seen in Figure 5.24, Figure 
5.25 for triaxiality and Figure 5.26, 5.27 for Lode Angle Parameter. 
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Figure 5.24: Triaxiality for Stationary Cutting Wheel Simulation at Onset of Fracture 
 
Figure 5.25: Triaxiality for Rolling Wheel Simulation at Onset of Fracture 
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Figure 5.26: Lode Angle Parameter for Cutting Wheel at Onset of Fracture 
 
Figure 5.27: Lode Angle Parameter for Rolling Wheel at Onset of Fracture 
Figure 5.24 and Figure 5.25 show very different behaviour in the triaxialities at the point 
of fracture for both indenters. For the cutting wheel, a small, local low region is generated 
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at by the smaller edge of the indenter, while the majority remains a constant region equal 
to 2/3 all around. The rolling wheel shows just a constant area of 0.5-2/3 in a similar pattern 
as the cutting wheel around the indenter due the lack of small edge. Further, the pattern of 
triaxiality equal to 2/3 is much larger for the rolling indenter.  
Similarly, Figure 5.26 and Figure 5.27 show different behaviour at fracture for the cutting 
and rolling wheel respectively. The difference between the observed Lode Angle parameter 
contours are similar to that seen for triaxiality, with the edge of the cutting wheel causing 
a small local high region, centered in a large region with a value of -1. The rolling wheel 
on the other hand has a larger region of Lode Angle parameter of -1 with a small region of 
~0 centered about the peak of the indenter where fracture occurs.  
When combining these two parameters, the cutting wheel fractures clearly due to shear, as 
expected by the sharp peak. Contrary to this, the rolling wheel apparently fails numerical 
in a state of plane strain. 
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Chapter 6 Recommendations & Conclusions 
6.1 Conclusions 
In this thesis, moving loads were shown to have a clear influence on the initiation of fracture 
for steel plate samples through experimental testing. Contributions on moving load effect 
due to other factors including the vertical indentation depth, start location (boundary 
condition) and indenter shape were also analyzed. Due to various difficulties, contributions 
due to horizontal translation speed were not identified. Following this, the secondary goal 
of this work was met; preparing and comparing a numerical model to corresponding 
experimental data. Here it was shown that the use of the effective plastic strain to fracture 
method is insufficient to capture the behaviour at fracture during a moving load event for 
both indenter types. Further, the difficulties in preparing a model were shown through using 
material steel bills from manufacturers. Models were prepared in two distinct methods; 
using the calibration and scaling techniques, however both required significant change to 
the tangent modulus and plastic strain to comply with the observed experimental results.  
In addition to the two main objectives of this work, several other conclusions can be made 
as to the nature of moving loads, particularly for the plate samples in the MLA experimental 
setup and numerical modelling using the effective plastic strain to fracture method. These 
are as follows: 
• Minimum indentation to fracture during a moving load for the rolling wheel was 
found to be ~6.9cm, which is significantly lower then a stationary load 
(undetermined due to reaching the limit of the load cell). The cutting wheel test 
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was found to not exhibit a lower minimum indentation to fracture and instead was 
loaded with force control to show the moving load effect. This shows that the 
geometry of the indenter (and thus stress state incited) has a clear impact on the 
reduction of vertical displacement capacity observed. Further, it can be said that 
this reduction in vertical displacement capacity is related to the increased bending 
found during the rolling wheel tests. 
• For the rolling wheel, the maximum reduction in vertical force capacity was 
found to be in excess of 54% when compared to the maximum achieved vertical 
stationary force. It was impossible to quantify the maximum stationary vertical 
force capacity for the rolling wheel and selected plate thickness with the current 
MLA. 
• For the cutting wheel, the maximum reduction in vertical force capacity was 
found to be 43.6% when compared to stationary vertical force capacity. 
Additionally, the reduction in vertical force capacity correlated with an increased 
displacement at fracture. 
• The horizontal start position, or influence of the boundaries of the carriage were 
found to have negligible impact on fracture during a moving load effect for both 
the rolling and cutting wheel tests for the levels of vertical indentation tested. 
• The elastic and small plastic deformation behaviour was observed over nine 
experimental tests for the rolling wheel. The tests showed that the moving load 
effect for loadings inciting this level of damage was small or non existent. 
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• Numerically, an effective plastic strain to fracture accurately captures the 
behaviour of a stationary vertical when compared to the experimental results. 
• Using a singular effective plastic strain to fracture can effectively simulate any 
constant stress state, for example the moving load induced by horizontally 
translating the cutting wheel.  
• Using a singular effective plastic strain to fracture cannot adequately model a 
moving load where the stress state changes. For example, the moving load 
induced by horizontally translating the rolling wheel resulted in a variable state 
of stress where fracture is possible in any of the induced states of stress. 
• Calibration of an effective plastic strain to fracture is extremely sensitive to mesh 
size. Additionally, capturing complicated stress states of combined bending and 
shear is extremely difficult numerically, potentially possible with shell elements. 
• The stress state and therefore Lode Angle parameter and triaxiality are drastically 
different for stationary loads with different indenter type at fracture. 
• The stress state and therefore Lode Angle parameter and triaxiality are drastically 
different for both moving and stationary loads causing the same vertical force 
induced by the same indenter. An extreme amount of variation and complication 
in the behaviour of the plate sample with respect to Lode Angle in particular can 
be seen in comparison. 
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6.2 Recommendations for Future Work 
There is a significant amount of potential further work necessary to further the 
understanding of fracture during a moving load event and to accurately model an event 
resulting in fracture. These topics include: 
• The influence of strain rate, temperature, steel type, steel thickness was not 
observed due to impracticalities or issues in setup. As much study of fracture for 
A36 and DH36 steel exists, temperature and thickness for these types are 
particularly relevant for study.  
• During testing, the plate samples from two different batches were mixed creating 
difficulties when numerically modelling. If it all possible, the samples should be 
prepared from the same batch and if not carefully tracked during experimental 
testing. 
• The effective plastic strain to fracture method was used to develop models which 
were compared to the experimental work. It is clear that this is insufficient to 
model moving loads. A more sophisticated failure and damage model should be 
investigated for moving loads which incite fracture, with particular focus on Lode 
Angle and triaxiality dependence. 
• The numerical models were prepared using the calibration method. Future work 
should include some form of local material testing to eliminate or reduce the 
amount of sequential change in order to achieve agreement with experimental 
results. In lieu of this, a statistical based design of experiment should be 
performed to determine the relevant parameters. For the effective plastic strain to 
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fracture method, the tangent modulus, effective plastic strain to fracture 
(calibration), yield stress and spring constant k of the apparatus, are the likely 
relevant parameters. Through the omission of yield stress which has a relatively 
low range, a response surface could be generated in as little as 15 runs. 
• No attempt was made to observe mesh convergence for the numerical studies due 
to the inherent relationship between effective fracture strain and element size. To 
mitigate this issue, an extremely fine mesh was used, while still being valid for 
shell element analysis. This is a nontrivial problem when studying fracture, 
however, significant time and effort would be saved through the completion of 
material testing. Further, testing multiple same sizes to allow for the use of 
Barba’s Law (Davis and ProQuest (Firm) 2004) would be effective for 
implementation of the effective plastic strain to fracture method. This issue is 
significantly complicated for more sophisticated damage models including 
triaxiality and Lode Angle Parameter dependence. 
• The impact of defined contact area, the coincidence of indenter element edge & 
plate element edge locations (i.e. node to node contact or exceedingly close 
instead of near the midpoint of the element) should be investigated. 
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Appendix C – Cannon Rebel T5 EOS Specifications 
• Large single-plate CMOS sensor with 18 effective megapixels 
• ISO 100-6400 
• Dedicated CMOS sensor for autofocus, 9-point AF 
• Compatible with SD-SDHC-SDXC memory 
• Compatible with Canon EF lenses 
See:http://www.canon.ca/en/product?name=EOS_Rebel_T5&category=/en/products/Cam
eras/DSLR-Cameras/Entry-level#specific 
